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Elcctrcts create a strong field of about 30 kV/cm which can be utilized 
for various purposes, like foil electret microphone, in electrophotography, electret 
gas filters, electrostatic recording, touch transducers, electret motors, generators, 
etc. Polymers are known to be good electret forming materials. Polymer foil 
electrets have several applications in modem solid state devices. In all, these devices 
electrified polymer foils are employed. Recently, it has been shown that with 
multilayer insulating syfitcm, there exist jxissibility of ailju.sling pulansatlon/chargc 
ilislrilnuion along the Him lliiekneHS. 'I his atijuHlable possibility may be very 
meaningful to applications. The thesis entitled ’’Electrical and dielectric 
phenomena in polymer foils electrets” is an outcome of a detailed investigations 
of the polarisation/space charge formation in polymer [polyvinyl pyrrolidone (P VP] 
foil electret using thermally stimulated discharge current (TSDC) measurement in 
short circuit configuration, transient current in charging and discharging modes, 
steady state electrical conduction and dielectric measurement of polyvinyl 
pyrrolidone foil electrets. For the sake of convenience, the thesis has been divided 
into eight chapters. 

Chapter I introduces the problem and a review for material used for 
carrying out the present investigation. It also covers the general introduction to die 
relevant topics sucli as different process leading to dielectric absorption, electret 
slate, mechanism of polarization, prcpariilion of ihcnnoclectrels and concept o( 
electrical contacts, etc. This chapter has been concluded with the choice of the 
material, its properties and applications. 


C'lia|)(er II ticals with various design considerations and liibrication ofa 
suitable sample hoklcrs Ibr TSIX' studies and preparation ofeleetrets. Various 
experiniental methods for piejiaiation orihin lihiis, measurement oriilm thickness 
and electrode deposition on them along with the different equipments used namely, 
vacuum coating unit, power supply, and electrometers etc. have been discussed. 

Chapter III deals with the various theories and mechanism backgrounds 
of proposed studies of 'FSDC in short circuit, transient current in charging and 
discharging modes, electrical conduction and dielectric properties with reviews of 
work done in relevant studies during last decade. 

Chapter IV is devoted to detailed investigations and experimentations 
of depolarization current studies of PVP foil thermoelectrets under short circuits 
thermal stimulation of the discharge. 

Chapter V emphasises transient behaviour of PVP foil clcctrcls in 
charging and discharging modes under isothermal conditions. Different models of 
absoiption and desorption transient current have been discussed. Steady state 
clcclrical ct)iuiucti(Hi in PVP ft)il ciccticts is also reported in tliis chapter. 

Chapter VI reports dielectric properties studies in PVP foil electrets 
in audio frequency range. 

Chapter VII reviews of the results obtained from the above mentioned 

different studies and discusses the correlation between them. 
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CHAPTER I 

GENERAL 

INTRODUCTION 


1.1 INTRODUCTION 


The analysis of insulating materials and insulating 
systems has been advancing on many fronts. Extensive 
quantitative and qualitative basic research in the subject 
have been carried out resulting in a huge amount of fruitful 
information. A major portion of the family of insulators is 
taken up by polymers . 

In the last three decades, scientists have been showing 
their increasing interest in the basic electrical properties 
of large energy band gap materials. Most of the literature is 
available on electrical behaviour, charge storage and 
transport or most specifically the manifestation of the 
"Electret state" by some organic solids, waxes, insulating 
dielectrics, glasses and semicrystalline and amorphous 
polymers [1]. Studies on polymers have attracted a particular 
attention due to their uneful mechanical properties, unique 
disordered structure and their potential applications in many 
technological and engineering areas . The miniaturization of 
solid state devices has opened up yet another new field for 
use of polymers, which is very vast, fascinating and promising 
[2-5 ]. Extensive research is underway in many laboratories on 
electrical properties of pure and doped polymers, copolymers, 
polymeric blends and polymeric compositions. 

The existing and anticipated technological potential of 
charge storage properties of electroactive polymers has 
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increased tremendously and become almost limitless. Apart from 
their use as conventional insulators, polymers are now being 
used in many other fieldn nnch an electretn [6], conductive 
and photoconductive materials in a number of electronic 
devices [7] such as thin film transistors, thin film memory 
circuits and cryptron logic- 

Polymers have also found valuable applications in 
bioengineering : for understanding of membranes, neutral 
signals, biological memory in regeneration, electrical, 
mediation in tissue growth and other phenomena. It is expected 
that they may find many other revolutionary applications in 
the field of medical science and space technology, etc. 

As a result of extensive research carried out in the 
last decades, a breakthrough has been made in our 
understanding of designing or synthesizing organic polymer 
macromolecule to achieve desired properties and processing 
polymers into preferred morphologies for use in dielectric and 
electrical engineering applications. The result has been a new 
generation of polymeric materials providing new strength, 
stiffness, environmental stability and load bearing capability 

coupled with elasticity, electrical resistivity, conductivity, 

✓ 

and charge and energy absorption and storage capacity. The 
variety and combination of polymeric materials is limitless 
and still continues to grow as scientific endeavour and 
technological application broaden and frequently merge. 
Infact, the science of polymers today has become one of the 
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most interdisciplinary field involving efforts of synthetic 
chemists, material scientists, electronic engineers and 
theoretical and experimental physicists . The applications 
involving charge storage and transport properties, 
particularly, the electret effects are providing the driving 
force to such an interesting and interdisciplinary research. 
The structure property relationship and the need to provide 
new and chemically stable systems have also played an 
important role. The future will certainly see still more 
activity in this field and an increasing trend towards 
tailored and model synthesis in which polymeric materials and 
their blends are produced with preferred chemical structure, 
chain conformations, orientations and morphology and these 
variables are optimized to the utmost for specific 
applications. 

1.2 THE ELECTRET STATE 

A dielectric material exhibiting a quasi -permanent 
electrical charge is defined to be an electret [8]. This 
implies that a substance will be an electret if the decay time 
of its stored polarization is long in relation to the 
characteristic time of experiments performed on the material. 
The charge of an electret may consist of "real" charges such 
as surface charge layers, or space charges; it may be a "true" 
polarization or it may be a combination of these. The true 
polarization is usually a frozen-in alignment of the real 
charges comprised of layers of trapped positive and negative 
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carriers, respectively, often positioned at or near the two 
surfaces of the dielectric. 

The electrostatic attractive properties of waxes, resins 
and sulphurs which were first described by Gray in 1732, gives 
us the first studies carried out on electret properties . 
Subsequently, more work was performed on stored electric 
fields in dielectrics by Farady in 1839 [9]. It was very much 
later that Heaviside coined the word "Electret" in 1892 [10]. 
He postulated that certain waxes would form permanently 
polarized dielectrics when allowed to solidify from the molten 
state in the presence of an electric field. Eguchi [11], in 
1919, made the first electret from carnuba wax to verify 
experimentally this theoretical proposal of Heaviside. The 
samples prepared by Eguchi were thick plates of carnauba wax 
turned into electrets by a thermal method. Electret research 
gradually moved to simpler materials like ionic and organic 
crystals and polymers where fundamental solid state properties 
could be correlated with the electret behaviour [12-14]. The 
electret effect has been studied in biological materials also, 
the "bioelectret " . However, looking at the application 
prospects, now a days, materials which are mouldable and 
machinable are being focussed' on for the electret studies. 
Hence, the presently electret research has shifted to thin 
film polymers like teflon polyf luoroethylene, propylene, 
polytetra-f luoroethylene, polyvinylidene fluoride, poly- 
propylene and polyethylene [8,15-19], etc. 
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Initially, electrets were regarded merely 
scientific addity, an object displaying electrostatic 
phenomenon similar to that of a magnet and its magnetic field. 
Then the electret was put to its first practical use as a 
transducer in the form of electret microphones and earphones 
[20,21] . Subsequently, the electret with its permanent 
electrification effects was utilized in a wide variety of 
applications like xerographic reproduction techniques [22], 
gas filters [23], relay switches [24,25], medicinal appliances 
like radiation dosimeters [26], optoelectro devices like 
video/TV cameras [27,28], maritime devices like hydrophones 
[29-31], electret motors [32] and a host of innovative 
possible devices like the electret generator [33,34], 
tachometers [35], vibrational fan [36], measurement of 
affluents in the space shuttle propulsion system [37], thin 
film transistors and thin film memory circuits [38], etc. 

1.2-1 HETERO- AND HOMO-CHARGES 

Eguchi [11] found that non-metallized dielectrics 

polarized by application of an electric field have on their 

two surfaces two charges of different nature and of opposite 

polarity,. Gement [39] gave the names "homocharge" and 

"heterocharge" to these two charges. If the polarity of the 

charge induced on the surface is the same as that of the 

adjacent forming electrode, it is called homocharge, while if 

the polarity is opposite to that of the adjacent forming 

electrode it is called heterocharge. 


To explain the phenomenon, a number of theories were 
advanced by different workers [40-48] and it turned out that 
the two charge theory of electret as developed by Gross 
[41,46-48] was the one which gained widespread acceptance. 
According to him, the heterocharge is due to dielectric 
absorption by dipoles in polar substances or ionic charges in 
other materials, while the homocharge is due to transfer of 
charges from the electrode to the surface of dielectric across 
the interface. The formation of the heterocharge which is due 
to an internal volume effect is not yet clear. Going into 
details. Gross explained that in polar substances the dipole 
orientation due to an applied field produces heterocharge but 
if the field is high enough electrons or ions can be fed into 
or extracted from the dielectric surface and are transferred 
to electrodes causing the formation of homocharge on the 
electret surface. The electret effect in nonpolar dielectrics 
was explained by Baldus [49] in terms of freezing of induced 
dipoles during cooling in the presence of an electric field. 
The two charge theory was later used by Swan [50] to develop 
a theory for open circuit charge decay which was later 
expanded for short circuit charge decay by Gubkin [51]. 

1.2-2 TYPES OF ELECTRETS 

Electrets are usually prepared by a number of methods 
and are given names mostly according to the conditions under 
which they are formed. 
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(A) THERMOELECTRETS 

These are prepared by simultaneous application of heat 
and an electric field while polarizing a dielectric [52,53]. 

(B) ELECTROELECTRET 

This is an electret prepared at room temperature under 
application of a high electric field [48,54,55]. 

(C) RADIOELECTRET 

This is an electret prepared when simultaneously an 
electric field and high energy radiation such as X-rays, 
y-rays, /3-rays, monoenergetic electron beam, etc. are used 
[56-58]. 

(D) PHOTOELECTRET 

These are electrets which are prepared by polarizing a 
dielectric under the simultaneous action of an electric field 
and ultraviolet or visible light radiation [59-62]. 

(E) THERMOPHOTOELECTRET 

These are electrets which have been prepared by 
polarizing at high temperature a photo conducting dielectric 
by light radiation of high energy Under an applied electric 
field [63,64]. 

(F) MAGNETOELECTRET 

This is an electret obtained by cooling of softened or 
molten dielectric in a magnetic field [65,66]. 
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(G) TRIBOELECTRET 

These are electrets which have been charged due to 
friction [67]. 

1.2-3 CHARGING/POLARIZING METHODS 

The important charging techniques are given below : 

(A) THERMAL METHODS 

Here the dielectric is polarized by application of an 
electric field at an elevated temperature. Subsequent cooling, 
while the field is still applied, results in a 
quasi -permanently polarized dielectric [68-71]. 

(B) CORONA CHARGING TECHNIQUE 

This technique produces an inhomogeneous field to 
generate a discharge in air at atmospheric pressure. The field 
is generated by application of a voltage between a 
point -shaped or knife- shaped upper electrode placed at a 
certain distance from or in contact with one side of the 
dielectric with a planar back electrode on the other side 
[71-75]. 

(C) SPARK DISCHARGE METHODS 

In this isothermal technijque a sandwich of the film with 
a much thicker dielectric insert of lower resistivity, acting 
as a protective series resistance, in the gap between two 
parallel plate electrodes is used which gives satisfactory 
charge densities without destroying portions of the film by 


arcing [76]. This arrangement will ensure that after 
application of a voltage there will be a gradual charge 
transfer by means of a controlled spark breakdown in the 
minute air gap between the dielectric insert and the film. 

(D) LIQUID CONTACT METHOD 

In this charging technique, a polymer film metallized on 
one surface comes into intimate contact with a wet electrode 
on the nonmetallized side. This provides a thin liquid layer 
like water or ethyl alcohol between the dielectric and the 
electrode. An application of a potential difference between 
the wet electrode and the metallized surface of the dielectric 
causes charged double layers to form at both solid- liquid 
interfaces which brings about a charge transfer to the polymer 
by the interaction of electrostatic and molecular forces. 
Large areas . of the dielectric can be charged by moving the 
electrode over the surface [77-79]. 

( E ) ELECTRON BEAM METHOD 

Here, monoenergetic electrons are used to irradiate the 
dielectric samples . Low energy electrons, which get trapped in 

the dielectric sample after striking it, ensure the charging 

/ 

of the sample. But high energy electrons which pass through 
the sample bring about charging due to secondary emission and 
backscattering [80-83]. 
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1.3 


THE POLYMERS-STRUCTURE AND PROPERTIES 


la a polymer a large aumber of molecules called moaomers 
are joined together to form a long macromolecular chains, 
which can assume various conformations in space [84]. These 
chains may either be separate molecules, or they may form a 
three dimensional network. A general formula which fits a 
large number of polymer chain may be written in the form - 



where R^, R 2 , R^ and R^ are different molecular groups and n 
is the degree of polymerisation which shows how many times the 
group repeats itself in a polymer chain. The degree of 
polymerisation may vary from tens to hundreds of thousands of 
unit and over. A practical polymer consists of a set of 
molecules differing in molecular weight [85,86]. 

Polymers in solid state may exist in amorphous or 
crystalline state. It is usually assumed that in amorphous 
state the molecules are tangled up in a completely random 
manner. According to Kargin [87] amorphous polymers are 

r 

partially ordered systems and are made up of globules or 
bundles of polymer chains. X-ray pattern of polymers indicate 
short range order. Generally polymers consist of heterogeneous 
structure, comprising both the crystalline and amorphous 
regions [84]. 
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1.3-1 CLASSIFICATION OF POLYMERS 

Polymers are substances whose molecules are composed of 
a great number of repeating units called 'monomeric units' . 
The number of monomeric units in a molecule is called the 
'degree of polymerisation' while the large molecule is called 
a 'macro-molecule' of polymeric chain. Polymers with high 
degree of polymerisation are called high polymers while those 
with a low degree of polymerization are called 'oligomers'. 
According to composition, polymers may be organic, inorganic 
or organo- elemental (semi -organic polymers) . 

(i) ORGANIC POLYMERS 

Apart from carbon atoms, these compounds include 
hydrogen, oxygen, nitrogen, halogen, sulphur and also other 
elements in their molecules, provided the atoms of these 
elements are not in the main chain. 

As far as the electrical properties are concerned, 
organic polymers have been the most studied. The name of the 
polymer is usually derived from the name of the monomer by 
adding to it the prefix poly. The organic polymers are further 
sub-divided into the following four groups - 

(ii) INORGANIC POLYMERS 

These are polymers containing no carbon atoms. 

( iii ) ORGANO-ELEMENTAL OR SEMI-ORGANIC POLYMERS^^ ^ 

These can be divided into the following three groups ; 
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(A) First Group 

Compounds whose chains are composed of carbon atoms and 
hetero-atoms (except nitrogen, sulphur and oxygen atoms) . 

(B) Second Group 

Compounds with inorganic chains, if they contain side 
groups with carbon atoms connected directly to the chain. 

(C) Third Group 

Compounds whose main chain consists of carbon atoms and 
whose side groups contain hetero-atoms (except nitrogen, 
sulphur, oxygen and halogen atoms) connected directly to the 
carbon atoms of the chain. 

(iv) Linear and Three Dimensional Polymers 

Polymers having long chain molecules with a high degree 
of symmetry are called linear polymers. There are practically 
no strictly linear polymer molecules; all are branched with 
three or more side chains. Polymers consisting of long chains 
connected into a three dimensional networlc by chemical 
crosslinks (bonds) are called three dimensional polymers. A 
two dimensional representation is shown in Figure 1.1. 

(v) Homo-Polymers and Copolymers 

A macromolecule may consist of monomers of identical or 
different chemical structures. Polymers consisting of 
identical monomers are called homo-polymers, while polymeric 
compounds containing several types of monomeric units in their 
chain are known as copolymers or mixed polymers. 
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(c) CROSSLINKED POLYMER 
A- IS MONOMERIC UNIT 


lllusiration of various type of Polymers, 



(vi) Regular and Irregular Polymers 

Polymers are also classified in-accordance with the 
regularity with which the side groups are arranged with 
respect to the main chain. If the polymer chain is conceived 
to be stretched out in a straight line, the side groups will 
be arranged either on one side of the chain or they will 
alternate regularily or alternate at random (isotactic, 
syndiotactic and atactic polymers, respectively) . 

(vii) Polar and Nonpolar Polymers 

In their different properties, the macromolecules are 
equivalent to electric dipole with a moment M = q.l, where q 
is the total amount of positive charge (or equivalent amount 
of negative charge) of a molecule and 1 is the distance 
between the centre of gravity of positive and negative 
charges. If . in the absence of electric field, 1=0, the polymer 
is said to be nonpolar and if under the same condition 1 * 0, 
the polymer is said to be polar. In the molecule of a nonpolar 
dielectric, the centres of gravity of positive and negative 
charges normally coincide in the absence of an external 
electric field and the dipole moment of the dielectric is 

zero. The centres of gravity of positive and negative charges# 

' ' ^ 

in polar molecules, do not coincide and hence the molecules 
have permanent dipole moment due to asymmetry in the 
arrangement of the electron clouds and nuclei of these 
molecules. 
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1.4 CHOICE OF MATERIAL 


As Stated earlier, polymers are composed of a large 
number of monomer units. They are crystalline or amorphous 
depending upon the symmetry of the monomer unit. However, even 
the structure of a crystalline polymer is far from perfect 
because it is very difficult for all large macromolecules to 
align themselves in ordered arrays. Crystalline polymers are, 
therefore, always semicrystalline and contain regions of 
amorphous phase. Because of their disordered- amorphous 
structure they contain a high concentration of shallow and 
deep traps. Consequently, charge trapping on a structural 
level is quite effective in polymers. They, therefore, yield 
the best electrets for all practical purposes [ 88 , 89 ]. 

Most of the interesting properties of polymers are 
attributable to molecular motions which are very complex. 
These molecular relaxations exhibit various transitions. A 
large number of polymers have been investigated in the past. 

Among the polymers, there are two obvious choices, viz., 
polar and nonpolar polymers . A polar polymer is characterized 
with a distinct dipolar reorientation whereas a nonpolar 
polymer has a very small dipole moment. The dielectric 
behaviour of a polymeric system is determined by the charge 
distribution and also by the polar groups. For polymers in 
solid or in viscoelastic state, the physical structure is of 
great importance in determining the dielectric behaviour. With 
the view to understand clearly the correlation between 
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structure and dielectric behaviour, current research is 
largely centred around doped polymers, polymer blends and 
copolymers. 

Some of the most important polar polymers are polyvinyl 
chloride, polyvinyl alcohol, polyamide, polyvinyl acetate, 
poly acrylic acid and esters of poly methacrylic acid. While 
poly vinyl chloride, poly vinyl alcohol and polyamide films 
have been investigated extensively for their charge storage 
and transport behaviour. Reports of extensive and thorough 
investigations on poly methylmethacrylate are very sparce. 

1.4-1 TRANSITIONS IN POLYMERS 

The characteristic features of polymers are largely due 
to their extra-rotational degrees of freedom compared with 
other solid types . The temperature dependence of physical 
properties changes appreciably due to different kind of 
molecular motion. This is termed as thermally stimulated 
transition. 

Major chemical and mechanical properties of polymeric 
materials are affected by changes in temperature. The major 
transitions occur near the glass transition temperature (Tg) 
above which a linear ' polymer exhibits properties 
characteristic of a rubber and below which it has the 
properties of a rigid brittle glass. 
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In the melt, every type of molecular, segmental and 
subraolecular motion is possible. The molecular motion 
involving main chain segments is not possible in the glassy 
state, but all molecular motions are not restricted in the 

glassy state. Transitions in polymers are of relaxation 
nature. It is customary to denote these transitions starting 
with the high temperature ones by the Greek letters a, /3, y 
and 5 . The motion of main chain segment produces a relaxation 
and it occurs at the glass transition temperature. The /3 

relaxation is attributed to the motion of the side groups or 
elements of chain back bone and it takes place at temperatures 
below glass transition temperature. Another possibility is 
rotation of short segments without involving large scale 
rearrangements of the structure and is usually called 

Crank-shaft type rotation of groups in the main chain [90], 
Such a motion is explained in Figure 1.2. The y and 5 

relaxations may have a complicated nature and they have been 
observed at ultra low temperatures . Activation energy A is 
characteristic of each relaxation process. Temperature 
transitions encountered by each polymer depend on its chemical 
structure. General relation between chemical structure and 
composition with glass transition is reviewed by Boyer [91]. 
Mechanisms responsible for relaxation processes and glass 
transition in polymers and their blends are discussed by many 
authors [92-94 ]. Technique employed for the characterization 
of relaxations in polymers influences the molecules of a 
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polymer in a different way arid thus the response of a system 
to different stimuli may be very different . 

1.4-2 FACTORS AFFECTING DIELECTRIC BEHAVIOUR OF POLYMERS 

(a) Effect of polar groups 

The a relaxation is basically dependent on the intra and 
inter molecular interactions . The greater the inter molecular 
interaction the less mobile are the molecules and the higher 
is the relaxation temperature at which maximum loss occurs and 
larger is the relaxation time. Exchange of non polar 
substitutes increases dipole-dipole interaction. 

(b) Effect of substituents 

Introduction of very bulky substituents into the side 
chains or increasing the side chains decreases the mobility 
sharply. 

(c) Effect of side group isomerism 

In case of isomers, magnitude of a and /3 relaxation are 
different [95]. 

(d) Effect of Stereoregularity 

The dielectric properties of polymers are substantially 
dependent on the stereoregular nature of the polymer, because 
the percentage, the length and quantitative proportion of 
syndiotactic and 1 notactic nectlons have a slquificant effect 
on the molecular mobility of polymers. 
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(e) Effect of Plasticizers 

Dielectric relaxation of polymers shift towards lower 

temperature side on the addition of plasticizers. This is 

because plasticizers (i) increase molecular mobility, (ii) 

increase free volume, (iii) decrease T of the polymers. 

9 

(f) Effect of Cross linking 

Cross linking always decreases molecular mobility and 
increases temperature and relaxation time of a process. 

(g) Effect of Copolymerization 

Dielectric properties of copolymers vary according to 
the composition and the ratio of monomeric units [96]. 

(h) Effect of Pressure 

Pressure influences the relaxation times [97] of the 
process, in which the intermolecular interaction plays an 
important role [98]. 

1.5 MECHANISM OF POLARIZATION 

The polarization of a dielectric occurs mainly due to 
internal and external polarization mechanisms (Figure 1.3). 

1.5.1 INTERNAL POLARIZATION 

This is brought about by the rotation, migration of 
charges which have originated and remain within the volume of 
the dielectric. They lead to the formation of "heterocharge" 
or "true polarization" as the case may be. Internal 
polarization is further classified under the following types ; 
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ATOMIC POLARIZATION 


DIPOLAR POLARIZATION 


INTERFACIAL POLARIZATION 


SPACE POLARIZATION 


' EXTERNAL POLARIZATION 


E'g. 1.3 - Polarization mechanisms in dielectric materials. 







(A) Electronic or Microscopic Polarization (P^) 

This happens when the negative electron cloud of the 

atoms of a system is displaced with respect to the nucleus. 

This causes a deformation of the electronic shell inducing a 

dipole moment and the phenomenon is thereby called Electronic 

Polarization (P ) . 

e 

(B) Atomic Polarization (P ) 

SL . 

Molecules are usually made up of chemically different 
atoms whose charges may differ from others. An external field 
acting upon them causes their equilibrium position to change 
thus inducing the polarization known as "Atomic Polarization". 

(C) Dipole or Orientational Polarization (P^) 

If the centres of gravity of the positive and negative 
charges . in a molecule made up of different atoms do not 
coincide, the molecule will have a permanent dipole moment. 
This dipole moment may be a deliberate part of the structure 
or may be accidental or unavoidable impurities . There is no 
net dipole moment for a sample in normal thermal conditions 
which has the dipoles randomly arranged. But on application of 
an external field, the dipoles align themselves in the 
direction of the field and we' are left with a system with a 
net electric moment and the appearance of "Dipole or 
Orientational Polarization". 

(D) Transitional or Space Qharge Polarization (P^) 

In the volume of any sample there may be a small number 
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of intrinsic free charges, i.e., ions or electrons or both. 
These are randomly arranged and so when one takes the average 
overall the charges the net dipole moment is zero. When an 
electric field is applied to such materials, the positive and 
negative charges get displaced in opposite directions with 
cations accumulating near the cathode and anions near the 
anode producing what is known as "Transitional" or "Space 
Charge" Polarization. 

(E) Interfacial Polarization 

Inhomogeneous dielectrics often have microscopic domains 

) 

or grains separated by highly resistive interfaces. In such 
dielectrics the free charge carriers can move freely only 
within the grains. On application of an external field the 
, free charges are displaced to the domain boundaries, i.e., 
amorphous crystalline in semicrystalline and grain boundaries 
in polycrystalline materials. The resultant polarization is 
called "Maxwell-Wagner-Sillars (MWS) or Interfacial or Barrier 
Polarization". 

(F) External Polarization (P„) 

A large electric field of 10 volts/cm and above will 

cause charge carriers to be directly injected into the 
material from the electrode (Schottky emission) . Electronic or 
ionic charge carriers can be deposited or injected on either 
surface from a dielectric electrode- interface breakdown. This 
causes a formation of homocharges, originating from real 
charges and is called external polarization. 
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The total polarization in a dielectric is thus the total 
sum of the above kinds of polarizations, i.e., 

P = P„ + + P + P + p. + P 

e a o s i X 

The relative contributiion of these basic processes and their 
retentions very according to the chemical nature of the 
dielectric and the experimental conditions. 

1.6 CONCEPT OF ELECTRICAL CONTACT 

The temperature voltage dependent current in dielectrics 
depends to a large extent on the nature of electrodes, the work 
functions and Fermi level positions. When two materials with 
different Fermi levels are brought into contact, free carriers 
will flow from one material into another until equilibrium is 
established, i.e., until Fermi levels of both materials are 
aligned. Such a net carrier flow will set up a positive space 
charge on one side and a negative space charge on the other 
side forming an electric double layer. This double layer is 
generally referred to as the potential barrier, and the 
potential across it is called as the contact potential. 
The nature of contact is a complex affair. 

(A) Neutral Contact ; 

In case of neutral contact no space charge will exist 
and no band bending will be present within the dielectric so 
that both conduction and the valence band edges will be flat 
right upto the interface (Figure 1.4 a and b) . 
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(B) Blocking Contact ; 

In case of a blocking contact, a depletion layer 
extending from the interface to the inside of the dielectric 
is created. With this contact, the thermionic emission tends 
to be saturated. Electron emission from a metal across the 
blocking contact may be due to either a thermionic process or 
a high field tunneling process (Figure 1.4 c and d) . 

(C) Ohmic Contact : 

In this case the free charge carrier density at and in 
the vicinity of the contact is very much greater than that in 
the bulk of the insulator or semiconductor so that the contact 
may act as a reservoir of carriers. The ohmic current creates 
accumulation of charge carriers extending from the interface 
to the inside of the insulator. The terminology ohmic is 
inappropriate in so far as the current voltage relationship is 
not linear. In general, the conduction is ohmic at low fields, 
when the metal does not inject excess carriers and becomes 
non- ohmic if the carrier injection from the electrode or the 
space charge effect becomes prominent (Figure 1.4 e and f) . 

1.7 THE TECHNIQUES FOR INVESTIGATION OF ELECTRICAL 
PROPERTIES OF INSULATING MATERIALS 

The knowledge of basic electrical properties such as the 
type and origin of charge carriers, their storage and 
transport in the polymeric dielectric are extremely important 
for making stable and useful electrets. Information about 

22 


theae can be oljLained from l;lie following experimental 
techniques 

(i) Transient Currents in charging and discharging 
modes, 

(ii) Dark conduction Currents, 

(iii) Dielectric measurements, and 

(iv) Thermally Stimulated Discharge Current. 

1.7-(i) Transient Currents in Charging and Discharging Modes 
Transient charging and discharging currents have been 
investigated extensively to understand time dependent 
polarization effects in organic polymers [99-104] and to find 
suitable substitutes to the conventional electrophotographic, 
photoconductor and semiconductor materials. A number of 
mechanisms have been proposed to understand the behaviour of 
these currents, the most important of which are electrode 
polarization, dipole polarization, charge injection leading to 
trapped space charge effect tunnelling of charge carrier from 
the electrodes to empty traps and hopping of charge carriers 
from one localized state to the another. The above processes 
have been reviewed by several scientists and it has been 
established that the observed time dependence alone does not 
permit any discrimination bo be made between various 
mechanisms. The argument for and against a particular 
mechanism is to be found by considering the variation of these 
currents on various other experimental parameters also, such 
as temperature field and frequeacy etc. 
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It is well known that the transient current flowing 
through a dielectric after the application or removal of a 
step voltage decays generally following the Curie-Von 
Schweidler law. The origin of these dielectric absorption and 
resorption currents is still the subject of much controversy 
in the literature. The absorption current technique and the 
TSDC technique are the main tools for investigating the charge 
storage and relaxation mechanism in polymer films. Though the 
electrical conductivity of polymers varies exponentially with 
temperature, it is also a function of time and may vary with 
electric field. 

1.7-(ii) Dark Conduction Currents 

In polymeric dielectrics, the internal charge decay 
processes are governed by electrical conduction and- dielectric 
relaxation. Apart from the study of dc conduction and 
dielectric behaviour, many other techniques have been 
developed to measure the electrical parameters and to explore 
the internal phenomena responsible for the formation and decay 
of electret charge. 

The movement of charge carriers in dielectrics has been 
receiving a large volume of attention commensurate with the 
importance of this subject in Science and Technology. Example 
of this include leakage currents in electrical insulation, 
charge injection from electrodes which may lead to premature 
breakdown, all forms of photo- conduction and of transient 
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pulue-! diilL I lit ■ 1 lid i liy elticlioii Ijumbtii. diiifciiiL , induced 
conductivity and the wide field of xerography. All these 
problems involve the transport of distributions of charged 
particles which may therefore, be treated as quasi continuous 
clouds rather than as individual particles. By contrast there 
are various approaches which deal with the movement of 
individual charges, like free electrons or holes by moving in 
a crystalline lattice under the action of thermal excitation 
with mean free paths extending over many interatomic spacings 
or slowly mobile hopping electrons or ions under the action of 
electric field. Thus, the nature of electrical conduction in 
solid dielectrics has long been target of extensive research 
all over the world, because of its vital technical importance 
for electrical insulating materials in power apparatuses, and 
also for the electronic application of electrostatic 
photography, semiconductor device isolation, etc. 

The conduction in polymers is complex which is due to 
intrinsic charge carrier generation and charge carrier 
injection from contacts at high fields. Various mechanisms are 
responsible for electrical conduction. 

1.7-(iii) Thermally Stimulated Discharge Current 

The measurements of Thermally stimulated discharge 
current (TSDC) have been widely used to determine the trapping 
parameters, i.e., the density, depth' and energy distribution 
of traps in polymers [ 157 , 158 ] . The analysis of TSDC spectra 


of polymeric materials provides useful information on various 
aspects of charge storage mechanism and relaxation phenomena 
in polymers [159-163]. 

For TSDC analysis, the dielectric is polarized to form 
an electret. The electret is then heated at a constant rate 
and the depolarization current is. recorded as a function of 
temperature . The TSDC spectrum shows maxima which correspond 
to various decay processes. In polymeric electrets, these 
modes correspond to various polymeric relaxations. 

Charge decay of an electret takes a longer time at room 
temperature. Gross [164], Murphy [165] and Gubkin [166] used 
the technique based on thermal stimulation. 

1.7-(iv) Dielectric measurements 

Choice of polymeric dielectric for each concrete case 
depends on its dielectric and other physical properties over a 
wide rang of temperature and electrical field frequencies. 
Invstigation of dielectric properties is also one of the most 
convenient and sensitive methods for studying polymer 
structure. It is, therefore, important that their dielectric 
behaviour is fully understood. This involves complete 
knowledge of variation of the complex dielectric constant, 
i.e., capacitance and losses over a wide range of frequencies 
and temperature. Whenever a dielectric is subjected to an 
electric field, dissipation of power depends on the voltage 
and frequency. These losses of power in a dielectric are 


commonly known as dielectric losses. Dielectric properties 
also depend on the type of material (polar, non-polar) , 
temperature, structural changes, frequency, field, humidity 
and impurity. 

To understand the dielectric properties, the mechanism 
of polarization of the material is to be understood fully. 

1.8 MATERIAL USED IN THE PRESENT WORK 
- POLYVINYL PYRROLIDONE (PVP) 

Polyvinyl pyrrolidone is a water soluble polymer 
characterised by its unusual complexing and colloidal 
properties and its physiological inertness. Special 
pharmaceutical grades of PVP are available under the 
trademarks Plasdone and Plasdone C (GAP Corporation) and 
Kollidon 25 and 17 (Badische Anilin- und Soda-Fabrik) . Peregal 
ST levelling and stripping agents (GAP Corporation) and 
Albigen A (Badische Anilin- und Soda-Fabrik) are aqueous 
solutions of PVP offered to the textile industry for special 
applications [167]. 
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PVP is available as a white free-flowing powder and 
also in the form of aqueous solutions . It is offered in four 
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viscosity grades. The commercial uses of PVP are related to its 
outstanding properties. Its film- forming and adhesive 
qualities are utilized in aerosol hair sprays,, adhesives, and 
lithographic solutions. As a protective colloid, it is used in 
drug, and detergent formulations, cosmetic preparations, 
polymerization recipes, and in pigment or dyestuff 
dispersions. The textile industry makes use of its 
dye- comp lexing ability to improve the dyeability of synthetic 
fibers and as a dye-stripping assistant. Since it complexes 
with tannin- like compounds, PVP is used as a clarifying agent 
for vegetable beverages, particularly beer. 


Polyvinyl pyrrolidone is manufactured in four viscosity 
grades, PVP K-15, K-30, K-60 and K-90. The number average 
molecular weights are about 10,000, 40,000, 160,000 and 
360,000, respectively. 


in 1932, , Fikentscher in an attempt to relate the 
relative viscosity of any polymer solution to concentration, 
proposed the following formula : 


"rel 


k . 75 
1 + 1.5 kc 


c 


The constant k in this equation, known as Fikentscher' s 
constant, is a function of molecular weight. In the early 
development of PVP, the polymers were characterised by 
measuring the relative viscosity and calculating a constant, 
K, using a slightly modified "Fikentscher 's formula" . 
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where, K 


'<’'1 v., vl 

I . I .S K c ' *^ 0 

o 

= lOOOK^, c = concentration in g/100 ml solution, 
^rel ~ ■viscosity of solution compared with solvent. • 

Since the measurements are made only with c = 1.00, the 
formula reduces to : 

75 Y? 

^rel = rv 1.5 K c + 

o 

The use of K value become well established and is retained 
today as a means of expressing relative molecular weight. 

Increasing the temperature of aqueous solutions of PVP 
has considerable effect in lowering the viscosity. One of the 
unusual properties of PVP is its solubility in a wide variety 
of different solvents. The solubility of PVP in water is 
limited only by the viscosity of the resulting solution. PVP 
K-30 containing up to 5% water is soluble in alcohols, 
aliphatic acids, chlorinated solvents containing hydrogen, 
nitroparaf f Inn , and aminos. Doniccatod material containing 
less than 0.5% water is moderately soluble in cyclic ethers 
such as dioxanes or tetrahydrofuran but essentially insoluble 
in aliphatic ethers. Dry PVP is also moderately soluble in 
aliphatic esters, ketones, fully chlorinated hydrocarbons such 
as carbon tetrachloride, and in the aromatic hydrocarbons . It 
is insoluble in aliphatic hydrocarbons, but solutions can be 
prepared in such solvents as kerosene, heptane, and Stoddard 
solvent by using butyl alcohol as a cosolvent. Solutions in 
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the chlorof luoroalkane propellants can be made using 20-30% 
ethanol . 

Films of PVP which are clear, transparent, glossy, and 
hard can be cast from a number of different solvent systems 
such as water, methyl alcohol, or chloroform (4) . Moisture 
retained or taken up from the air by PVP acts as a plasticizer 
for the film. In addition, the hardness of the film may be 
altered by adding compatible plasticizers without affecting 
the clarity or luster of the films. PVP films become tacky at 
70% rh, and at 50% rh they contain 18% moisture. In the use of 
PVP films as hair fixatives, the incorporation of plasticizers 
and humidity control agents is necessary to obtain the best 
properties . 

PVP is compatible with many natural and synthetic resins 
as well as with many other chemicals and most inorganic salt 
solutions. For example, PVP can be combined in solution or in 
a film with ethyl cellulose, polyethylene, poly{vinyl 
chloride), and poly(vinyl alcohol) . It is compatible with 
glycerides such as olive oil and lanolin and with 
poly (ethylene oxide) . Aqueous PVP solutions have good 
tolerance for inorganic salts such as ammonium chloride, 
copper sulphate, ferric chloride and sodium pyrophosphate. 

In aqueous solution, PVP forms complexes with many types 
of compounds . Insoluble complexes are formed with polyacids 
suh as poly(acrylic acid) or tannic acid. A 1:1 addition 
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compound of PVP with poly (acrylic acid) was isolated in 70% 
yield. These complexes are insoluble in water, alcohol, and 
acetone, but are dissolved by dilute alkali which apparently 
destroys the bond by neutralizing the polyacid. Dyes are 
strongly held by PVP, and this action accounts for the 
successful use of PVP as a dye stripping agent. Conversely, 
the introduction of PVP into other polymers through grafting 
or merely mixing greatly improves the dyeability of the 
polymers. PVP forms complexes with many toxins, viruses, 
drugs, and toxic chemicals, thereby reducig toxicity and 
irritation. Chemicals such as potassium cyanate, formamide, 
nicotine, phenols, chlorbutanol are complexed by PVP as are 
mercuric chloride, silver oxide, cobaltous oxide, ferric 
chloride, and iodine. 

The complex with iodine is being marketed because of its 
excellent germicidal properties combined with the greatly 
reduced . toxicity and absence of the staining action of the 
iodine. The iodine is held so tightly in this complex that it 
> is not removed by extraction with chloroform and no 
appreciable vapour pressure of iodine is apparent above the 
complex. 


PVP is permanently insolubilized by heating with strong 
alkali at 100°C. Aqueous PVP will gel when treated with 

ammonium peroxy sulfate at 90°C, with hydrazine and hydrogen 

' ■ ' ' 60 ■ 

peroxide, or with gamma rays from a Co source. These gels 
are apparently formed from permanently crosslinked PVP, since 
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they are Bubstantia 1 1 y iiinoluVrle i ti large atnomitn of water . 
The alkaline sodium phosphates will do the same thing. When 
dried under mild conditions, these gels retain their uniform 
structure and capacity to swell again by absorbing water. 
Crosslinked PVP containing glycerine is used as a dialysis 
membrane. The volume of a number of (biological) protein 
solutions was reduced 5-15 times by dialysis (reverse osmosis) 
against a concentrated (25-30%) solution of PVP using a 
cellophane membrane. PVP is preferred because the molecular 
size is sufficiently large so as not to pass through the 
membrane, leaving the concentrated protein solution free of 
PVP. PVP is also rendered insoluble by the action of oxidizing 
agents such as bichromate and diazo compounds under the 
influence of light. Resorcinol and pyrogallol also precipitate 
PVP from aqueous solution, but the complex redissolves in 
additional water and does not precipitate from alcoholic 
solutions. 

PVP is highly susceptible to grafting and has been used 
to form graft copolymers of styrene and acrylic esters, 
employing emulsion polymerization techniques. Improved nylon- 
6,6 with a high degree of wet-crease recovery has been made by 
grafting PVP. The PVP is activated with hydrogen peroxide, 
dried, and then added to molten hexamethylenediammonium 
adipate at 210°C. The mixture is heated 2-1/2 hr to 285°C in a 
steam atmosphere to give a metl spinnable polymer (72) . 

: 32 


Table 1.1 


Nonpharmaceutical Grades 


viscosity 

grade 

Form 

K range 

Water, % 

Ash (dry 

basis) , % 

Residual 

monomer, ^ 
% 

PVP K-15 

powder 

12-18 

5 max 

0.02 max 

1.0 max 

PVP K-30 

powder 

26-35 

5 max 

0.02 max 

1 . 0 max 

PVP K-60 

aqueous 

solution 

50-62 

55 max 

0 . 02 max 

1.0 max 

PVP K-90 

aqueous 

solution 

80-100 

80 max 

0 . 02 max 

1 . 0 max 

PVP K-90 

powder 

80-100 

5 max 

0 . 02 max 

1 . 0 max 

Polyclar 

AT brand 

powder 

crosslinked 

5 max 

... 



a 

Calculated as vinylpyrrolidone, % based on dry solids. 


Specifications 

The specifications for nonpharmaceutical and 
pharmaceutical grades of PVP are shown in Tables 4, 5 and 6. 

Pharmaceutical grades of, PVP (all powders) are marketed 
under the Plasdone and Plasdone C trademarks. Three viscosity 
types for nonplasraa use are : K-26-28, K-29-32 and K-33-36, 

having the Specifications shown in Table. 
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Table 1.2 


Pharmaceutical Grades for Nonplasma Use 

less than 5% 
less than 1% 
less than 0.02% 
less than 20 ppm 
less than 2 ppm 
12.6% +0.4% 


Plasdone C pharmaceutical grade PVP, specifically for 
plasma use, has the specifications is shown in the Table 
below . 


Table 1.3 

Pharmaceutical Grades for Plasma Use 


K-value 

30 ± 

2 



K- value distribution 

not more than 15% 

greater than K- 41 


not more than 25% 

lower than K-16 

moisture content 

less 

than 

5% 


unsaturation 

less 

than 

1% 


(calculated as monomer) 





ash 

less 

than 

0.02% 


heavy metals content 

less 

than 

2 0 ppm 


arsenic content 

less 

than 

2 ppm 


nitrogen content 

12.6% 

± 0 

.4% 


acetaldehyde content 

less 

than 

0 .5% 



moisture content 

unsaturation (calculated as monomer) 
ash 

heavy metals content 
arsenic content 
nitrogen content 



Shipping Containers 

PVP K-15,K-30 and K-90, powder, are shipped in 
polyethylene bags inside fiber drums (100 lb net) . PVP K-60 
and K-90, aqueous solutions, are shipped in aluminium tank 
cars, and 55 gal polyethylene-lined fiber drums. 

USES 

Cosmetics (qv) and Toiletries 

PVP is used in hand creams, pomades, hair lotions, 
shaving creams, shampoos hair tints (48), pre-electric and 
after-shave lotions etc, because of its emulsifying, 
thickening, emollient, and dye- solubilizing properties. Its 
film- forming ability and excellent adhesion to hair has led to 
its widespread use in aerosol hair sprays. Dentrif rices 
containing PVP have enhanced ability to remove dental stains. 

Textiles 

Incorporation of PVP into hydrophobic fibres, such as 
polyacrylonitrile, polyesters, nylon, visose, natural rubber 
(93,94) and polypropylene greatly increases their dyeability 
with most classes of dyestuff. PVP K-30 is a stripping agent 
for removing vat, sulfur, and direct colors from dyed fabrics. 
As a suspending agent, it is used in the scouring of nylon to 
remove graphite (used in lace manufacture) and in print washes 
to scavenge loose color. PVP is a suspending agent for 
titanium dioxide in delustering nylon-6. It is used in 
fugitive tints and as an auxiliary retarding agent in pastel 
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dytiiny . PVP ia uaed in oiziiiy yiauu ilbeiti. Gia£L copolymers 
of PVP with nylon-6,6 exhibit improved wet -crease recovery and 
moisture regain. 

Detergents 

PVP is compatible in clear, liquid, heavy-duty detergent 
formulations. It prevents soil redeposition, particularly on 
synthetic fibers and resin treated fabrics. It also acts as a 
loose color scavenger during laundering because it has 
dye-binding properties. 

Beverages 

The ability of PVP to complex with certain tannins has 
been applied to the clarification and chillproofing of various 
vegetable beverages . The addition of 0.01-0.02% to the brew 
kettle results in improved taste and reduced chill haze while 
allowing a reduction in the hops used. PVP is used similarly 
in wines, whisky, vinegar, etc. A special 
high-molecular-weight crosslinked grade of PVP, Polyclar AT 
clarifier, insoluble in water, organic solvents, and strong 
mineral acid and alkali, is particularly effective in 
clarifying beer and other vegetable beverages. It also 
controls browning in wines. 

Pharmaceuticals 

A special grade, Plasdone C pharmaceutical grade PVP is 
marketed for this purpose. .Its suspending and drug-retardant 

3'6 . 
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antibiotics, hormones, analgesics, etc. PVP is used as tablet 
binder and tablet coating. It is used in aqueous or organic 
solvent systems, including effervescent products prepared in 
an anhydrous medium. PVP is used in layered tablets and 
timed-release capsules. PVP is effective in stabilizing 
vitamins and aspirin tablets. It acts as a protective colloid 
and reduces drug irritation in ophthalmic and topical 
preparations. The ability of PVP to form a stable complex with 
iodine has led to the development of PVP- Iodine. This product 
retains the germicidal properties of iodine while drastically 
reducing the iodine's toxicity towards mammals. Aqueous 
solutions of PVP- Iodine form fibers that protect open wounds 
but are water-washable and do not permanently stain skin, 
natural fibres, or hard surfaces. PVP-Iodine has been 
effective as surgical scrub and in treatment of burns. 
Gargles, tinctures, and oiritments containing PVP-Iodine are 
being marketed under the trademark Isodine (Purdue Fredericks 
Co . ) . 

Plasma Extenders 

During World War II, more than a million persons of all 
ages received emergency administration of PVP solutions to 
combat shock due to blood loss. In the period 1948-50, 
thousands of units of PVP were evaluated in clinical tests of 
human volunteers in the USA. Together with cooperative 
research by the National Research Council on synthetic plasma 


expanders, these studies resulted in approval for the 
emergency stockpiling of PVP by local communities. PVP has 
been used with outstanding success in the treatment of shock 
due to severe burns, accidents, or surgical procedures. 
Moreover, it is nonant igenic, requires no crossmatching and 
avoids the dangers of infectious hepatitis which are inherent 
in natural blood. However, plasma or blood of the proper type 
is still preferred by American medical authorities and PVP 
solutions are for emergency use when the former are 
unavailable. 

Dyestuff and Pigment Dispersions 

In inks based on dyes, PVP improves solubility and gives 
greater colour value per pound of dye. In pigmented inks, PVP 
is used in the milling operation to give higher tinctorial 
strength, dispersion stability, and better gloss. It has found 
use in the preparation of color dispersions for latex paints, 
paper coatings, and plastics. 

Automotive Products 

Copolymers of PVP and alkyl acrylates are used in 
formulations for high- detergency motor oil, automatic 
transmission fluids, and grease. 

Plastics 

In two-phase polymerization systems for styrene, vinyl 
chloride, vinyl esters, acrylics, and other monomers, PVP acts 
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as a particle size regulator, suspending agent, and viscosity- 
modifier. PVP is also used as a post polymerization additive 
to improve dyeability and stability of various latexes. The 
addition of PVP to polyoxymethylene (see Acetal resins) 
improves heat stability of the dried polymer. 

Miscellaneous 

In wax and polish formulations, PVP functions as a 
protective colloid and film former to give better cleansing 
action and gloss. In the paper industry, PVP is used in • the 
control of deposition of pitch, in the deinking of waste 
paper, in decolorizing rag stock, and as a viscosity modifier 
for paper coatings. Its use in lithographic plates and in the 
preparation of photographic emulsions has been cited. Uses in 
water- remoistenable and pressure- sensitive adhesives have been 
mentioned. PVP functions as a protective colloid in cement 
mixtures, retarding the separation of water, in preventing 
caking of fertilizer mixes, and preparation of conductive 
coatings for television or cathode-ray tubes. 
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2.1 INTRODUCTION 


Virtually, all the polymers are either amorphous or 
partially crystalline macromolecular compounds. However, the 
crystalline regions are macroscopic (s: 1000 A°) in size. Since 
it is not possible to obtain crystals of polymers large enough 
to allow proper handling, these have to be studied either in 
the form of compressed pellets or slabs cast from the melt, or 
thin filitin. Tlie increaning demand for microminiaturisation of 
components for electronic applications has further stressed 
the need for growth and development of thin insulating polymer 
films. Consequently, thin films of pure polymers, polymer 
composites and polymer blends are being extensively studied 
instead of pellets or slabs [1-2]. Also, the results on 
pellets are viewed with suspicion because of interfacial 
effects, role of surface conduction and large anisotrophy. 

Th 1 n ch.apt nr donct Ibna I Im nxjjnt Imnntni (Jr I. ni. in at th« 
investigations presented in the thesis. We briefly discuss 
methods of preparation of thin film and measurement of their 
thickness, types of electrodes and vacuum coating unit. 

2.2 METHODS OF POLYMER FILM FORMATION 

Thin films of polymers are obtained by a large variety 
of methods. Some excellent reviews [3-6] have appeared in the 
literature on the methods of preparation which are discussed 
briefly in the following sections. 
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2.2- 1 THERMAL EVAPORATION 

Thin films are produced from polymers by thermal 
evaporation of bulk material. Here the material to be 
deposited is heated to a high temperature at a very low 
pressure and in extremely clean conditions where it 
vapourises. The vapour is then allowed to condense on a 
substrate placed above the source to form a film. Thermal 
evaporation was reported to lead to a wax like deposit on a 
substrate, together with gaseous fractions and solid residue. 
Evaporated polymer films are contaminated due to the vigorous 
boiling action of the molten polymer, and due to the rapid 
evolution of breakdown products. However, uncontaminated films 
can be obtained by choosing a low evaporation temperature and 
thus a slow rate of deposition and by specially designed 
thermal evaporation methods pot [7], combination of internal 
baffles and flash evaporation [8] and laser evaporation. 

2.2- 2 COMBINATION OF INTERNAL BAFFLES AND FLASH EVAPORATION 

In this technique, the polymer to be evaporated is taken 
in the powder form and is made to drop in the form of fine 
particles from a mechanically agitated hopper on to a hot 
crucible fitted inside, with baffles so that numerous discrete 
evaporations may occur. 

2.2- 3 LASER EVAPORATION 

Here the material is heated by the enorraous power of a 
laser source. The evaporation in this process generally takes 
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.place from the surface of the material only. Very thin films 
can be obtained as the amount of energy released in each burst 
is very large . 

2.2- 4 PYROLYSIS 

The thermal decomposition of a compound to yield a 
deposit of the stable residue is called pyrolysis. Szwarc 
[9] discovered that the vacuum pyrolysis of xylene, on 
condensation could lead to poly-p-xylene which were 
contaminated by low molecular weight by-products. Gorham [10] 
used di-p-polymer which is pyrolysed in vacuum at 600 C. This 
process forms two molecules of p-polymer which instantaneously 
polymerize when incident on a substrate maintained at less 
than 30 C. The above formed polymer is a high molecular weight 
leniaca poly-p-polymer . The advantage in this process is that 
the films seemed to have better electrical, mechanical, 
optical properties compared to the other types of preparation. 

2.2- 5 SPUTTERING 

The ejection of atoms from the surface of a material by 
bombardment with energetic particles is called sputtering. The 
ejected or sputtered atoms can be condensed on a substrate to 
form a thin film. The chief advantage of this method is that 
the deposition rate remains constant . Various sputtering 
systems such as glow discharge and rf -sputtering are based on 
the effect that the free electrons ejected from the evaporant 
can be accelerated in an electric field to cause further 
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ionization of the residual gas and such ionization will result 
in further bombardment of the surface of the target and a self 
sustaining reaction. Some other systems are based on 
increasing the electron path lengths so that the self 
sustained system can work at relatively low pressures. 

2.2-6 GASEOUS DISCHARGE 

Thin films of polymers can be obtained when a gas 
discharge is maintained in the vapour of monomer . Since the 
pressure maintained is of the order of 1 mm Hg. The discharge 
is a cold one and no hot cathode emission is necessary. The 
problems associated with high gas pressures and substrate 
heating have been minimised by utilizing a longitudinal 
magnetic field to compress the glow discharge in a tube and rf 
electrodeless excitation. 

2.2. --7 HOT PRESSING METHOD 

The first method of film fabrication was hot pressing. 
In this method the polymer powder is placed in between two 
ferrotype photographic plates and hot pressed at a temperature 
10-15 C above the crystalline melting point under pressure. 
The film is then removed from the press and immediately 
quenched in ice water in order to prevent any crystallization, 
if necessary. Then the film is stretched in order to obtain 
necessary thickness . 
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2.2- 8 CASTING METHOD 

Preparation of thin films of polymers from solvent 
casting is a very satisfactory method of film formation. In 
this method, the polymer dissolved in the appropriate solvent 
is poured on a clean surface of glass plate and is spread to 
an even thickness with a doctor blade. A dust shield is placed 
above the solution and the film is allowed to form in air. 
When the film is dry, the plate is immersed in water and the 
film floats. In most cases the film is then dried in a vacuum 
chamber for about 8 hrs followed by exposure to room 
temperature. 

2.2- 9 FILM BLOWING 

Biaxial stretching by applying a pressure difference 
across the film or by elevated temperatures gives rise to thin 
film. This method consists of placing the polymer film under a 
hold down ring that secures the film over a circular opening 
in a heavy teflon disk. Pressure is then applied to one side 
of the . polymer film and a "balloon" blows through the opening 
in the teflon disk. The entire assembly is placed in a vacuum 
oven which allows heating under an inert atmosphere or 
vacuum. Some polymer films are successfully blown to 


thickness 

of 

10 to 30 

fim. 

,The 

blowing 

process 

is very 

difficult 

to 

control 

and 

have 

to be 

done at 

a high 


temperature, near the crystalline melting point. 

2.2-10 PHOTOLYTIC PROCESS 

Photolybic process is used for the formation of thin 


dielectric layers for use in thin film circuit insulation. In 
this process the films are obtained when the surface is 
irradiated with ultraviolet light in the presence of monomer 
vapour. Polymer films formed in this method are quite stable 
and the reliability is excellent down to 50 A . Dielectric 
p]^Qp 0 j; 7 t ies of photopolymer films have been studied in many 
cases and found to possess the properties of the bulk polymer. 

2.2- 11 VACUUM EVAPORATION 

Hogarth and Iqbal [11] have prepared thin films of 
polypropylene by vacuum evaporation technique. Polypropylene 
was evaporated at a pressure of 6 X 10“^ torr from a stainless 
steel blade which was maintained at a temperature of 335 C. 
The film was deposited on to a previously deposited copper or 
aluminium base electrode. However, the polymer films prepared 
by this method are generally not free from pin holes. 

2.2- 12 FILM FROM POLYMER SOLUTION 

All the methods for film preparation discussed above 
involve immediate polymerization. As such, they are not 
expected to give useful films for research purposes. Further, 
the polymer formed by these techniques may have different 
degree of polymerization and may contain undesired impurities. 

Polymer films prepared by vacuum deposition technique are also 
not useful as they are not expected to be free from pin holes. 
Moreover, polymer blend films cannot be obtained by the above 
methods as it is difficult to control the quantities of 


constituent polymers during evaporation and polymerization. 
Films with uniform degree of polymerization and high purity 
can be prepared from polymer solution using highly pure 
polymer as solute and inert solvents of AR grade. The blending 
percentage can also be controlled easily by dissolving known 
amounts of the constituent polymers in solution. 

There are two main methods available for preparing thin 
films from polymer solution : 

(a) Isothermal immersion technique, and 

(b) Casting from solution. 

(a) Isothermal Immersion Technique 

Solution of suitable concentration is kept at a 
desirable temperature and substrate is immersed into it 
vertically for a given period of time depending upon the 
required film thickness. When the film is deposited, the 
substrate is slowly taken out and dried by hot air. The 
deposited film is then gently detached using a sharp knife 
edge [12-13]. Polyblend films can also be prepared by 

dissolving desired quantities of constituent polymers in 
solution. Rastogi and Chopra [14] have studied this method in 
detail and found that the thickness of the film depends upon 
the concentration of the solution, its temperature, nature 
the substrate and the time for which substrate is kept 
immersed in the solution. 
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This method .requires a great care in selecting the 
temperature and concentration of the solution. Also, 
sophisticated mechanical instrumentation is required for 
taking out the substrates from the solution, keeping them 
exactly vertical to the solution surface. Lack of proper 
instrumentation and care may result in the films containing 
air bubbles and of nonuniform thickness. 

(b) Casting from Solution 

The polymer solutiion of known concentration and 
quantity is spread over an optically plane clean glass plate 
of known area which is placed horizontally over a mercury 
pool. Solvent is allowed to evaporate at a suitable constant 
temperature and the resulting film is gently detached from the 
substrate. Films of different thicknesses may be obtained 
using solutions of different concentrations. The films 
obtained by this method are of uniform thickness and perfectly 
plane surface, if prepared carefully. Also, an elaborate 
cleaning procedure must be adopted for substrates. 

(i) Choice of substrate and its cleaning 

An ideal substrate should not react with the polymer or 
its solvent or the surrounding atmosphere; it should be 
resistant to chemical corrosion, especially to those which are 
commonly used for cleaning purposes. Its surfaces must be 
smooth and easily washable for repeated use. Its softening and 
melting points should lie much higher than the temperature of 
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investigation. It should be made of hydrophobic material. Out 
of various substrates, like metal foils, crystals, glass etc., 
glass is the best of all. In the present investigations, 
microglass slides of "Blue Star" were used as substrates for 

depsotion of capacitor structures. The glass substrates 

2 

dimensions were of the order of 4.0 X 2.5 cm and in most of 
the other investigations possess almost all the listed 
qualities of a good substrate. The glass plates were 'first 
kept in a freshly prepared hot chromic acid for one hour. They 
were washed in tap water using a liquid detergent like 
"Genteel" and rinsed in double distilled water and in acetone 
respectively. Then the cleaned substrates were dried by 
blowing hot air. The glass substrates cleaned in this way were 
used for the deposition of bottom electrode. They are cheap 
and ready for repeated use after cleaning. Metal foils have an 
inherent disadvantage that they usually react with the ambient 
oxygen to form an oxide layer ovr their surfaces. Similarly, 
crystals like NaCl are more or less hygroscopic and their 
surfaces are easily contaminated. 

(ii) Choice of Solvent 

To grow the best quality, smooth films, free from pin 
holes the rate of vaporization^ of the solvent should be kept 
sufficiently slow. This can be achieved by using a solvent of 
high boiling point. 

(iii) Solution Concentrations 

It is preferable to use the solution of low 


57 



concentration for the film deposition. Experiments indicate 
that the films grown from thick solutions have considerably 
different thicknesceo at different spatial points. They may 
also trap air bubbles in their structure. The best procedure 
is to keep the slides immersed in thin solution over a small 
period of time about (20 minutes) . 

(iv) Solution Temperature 

Temperature of a solution markedly affects the growth of 
films. Hot solution give rise to thinner depositions due to a 
lower value of viscosity. It is better to use the solution 
whose temperature lies in the neighbourhood of room 
temperature. It is necessary since the substrate acquires the 
temperature of the solution when dipped into it and if it is 
much higher than room temperature, the rate of vaporization of 
solvent would greatly enhance during the process of drying 
which is undesirable. The temperature of solution is kept a 
bit higher (about 5 C) than room temperature so as to make the 
compensation for temperature fluctuations arising due to 
change in the weather. A magnetic stirrer is used to eliminate 
the temperature gradients. 

2.3 PRESENT EXPERIMENTAL TECHNIQUE 

Thin polymer films were deposited by the solution grown 
technique which involves the isothermal immersion of a 
substrate into the polymer solution of suitable concentration 
held at a constant temperature of a certain time. The rate of 
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growth, of ths polyinsr film and thickness of the film depends 
on the nature of the substrate and the solvent and also on the 
concentration and rolvent temperature, and on the subsequent 
time for wliich the oubotrate is left immersed in the solution. 

Polyvinyl pyrrolidone (PVP) films were deposited from 
the solutions of fixed concentration (1.5 grams of PVP 
dissolved in 50 cm of chloroform. The solution of the 
particle concentration was prepared in a glass beaker by 
dissolving the required amount of PVP in the solvent at 40 C 
temperature. The solution was continuously stirred by means of 
magnetic stirrer for about 45 mins. The solution was stirred 
and heated simultaneously until it ensures a homogeneous 
mixing . 

Freshly and neatly cleaned blue star micro-glass slides 
with vacuum deposited lower electrodes were used for the 
deposition. The substrates were held inside the constant 
temperature bath vertically above the solution. Then the 
solution and substrates acquired the required temperature the 
substrates were isothermally immersed in the solution for 
fixed time. After withdrawal of the filmed substrates from the 
solution, they were washed in the solvent and then dried in 
hot air oven for more than 24 hours maintained at a 
temperature of 40 °C.(Fi 52 'l) 
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Fig. 2.1 A diagram of the Isothermal Immersion Technique 
for growing the thin Films. 


2,4 MEASUREMENT OF FILM THICKNESS 

The thickness of polymeric films can be measured by a 
variety of methods. They may be described under the following 
three categories ; 

(i) Mechanical methods, 

(ii) Optical methods, and 

(iii) Electrical methods. 

2.4.1 MECHANICAL METHODS 

This includes two important methods, namely Stylus 
method and Weighing method. 

(A) Stylus Method 

In this method, a fine pointed stylus is moved over a 
stepped surface formed by the edge of the film on the 
substrate . The transverse displacement suffered at the step is 
fed to an electronic circuit for amplification and recording, 
and the thickness of the film is computed. The method is very 
simple but its accuracy is very low [15-17]. 

(B) Weighing Method 

This method is applicable only to films of uniform 
thickness. Since mass is defined as density multiplied by 
volume, and the area and the mass of the film can be measured 
precisely using vernier callipers and physical balance, the 
thickness of the film can be computed by the formula : 
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wheie M, p, a and L are the uiaBO, derisity, area and thickness : 
of the film, respectively. Obviously, the sensitivity of the 
method depends upon the measuring accuracy of M and a. 
Though it is not always possible to cut the substrate in a 
well defined area. Further, the area selected for thickness 

measurement may not be representative of the area under 
investigation [17,18]. 

2.4-2 OPTICAL HETHODS 

Ellipsometry, interferometry and light sectioning 
methods are the important methods belonging to this category - 

(A) Ellipsometry 

This method is used for the measurement of thickness of 
transparent films. It is based on evaluating the change in the 
state of polarization of light reflected from the film and the I 

■ t 

substrate. However, as it is time consuming and involves 
complicated mathematical calculations [19]. 

■ I 

, ■ ' ■ . i: 

I 

(B) Interf erometeric Methods 

Interf erometeric methods include those devices which 
make use of interference of light, e.g., Newton' s ring set up, 
Michelson interferometer, Fabri-Perrot etalon, etc. Film 
thickness is determined by observing the shift in the 
interference fringes (due to change in path difference of 

■ ' ■' '■ . . . ■, . ' ' ■ ' f 

■ ■ i 

reflected or transmitted light rays) on moving from film ; 

- ■ .. . ii 

surface to the substrate. The technique is mainly used for | 
measuring thickness of optically smooth films yielding | 

consistent results [20]. | 

' ■ . ' ^ ' ' ' I; 

■ ■ ’ ' " ■ - ' 1- 
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(C) Light Sectioning Methods 

In case of thin films of more than 1 mm thickness, 
measurement can be made using travelling microscope movable in 
vertical direction. Light sectioning microscope can also be 
used for precise thickness measurements, however, the method 
becomes quite inaccurate for films of uniform thickness. A 
brief description of this method is as follows : 

Light from a slit is projected on to the sample surface 

o 

at an angle of 45 , An observing microscope making an angle of 
45° to the sample surface and 90° with the illuminating light 
beam is used for observing the separation of slit images. In 
case of opaque films slit is projected across a step in the 
film; however, in the case of transparent films step is not 
necessary as the two images are obtained because of reflection 
from the upper and lower surfaces of the film [21-22]. 

According to Brown [23], the separation of slit images 
due to reflection across the step can be measured with an 
eyepiece micrometer to an accuracy of 0.1 mm in 1 to 400 m 
range. In case of transparent films, the actual film thickness 
d can be calculated from the apparent film thickness d' and 
the index of reflection n of the medium using the relation ; 

d = d' (2n^-l)^^^ I 

^ " ’ '' ' ' ■ ■ ■ i 

! 

2.4-3 ELECTRICAL METHODS | 

Thickness of thin films can also be determined 


conveniently by measuring the capacitance of a condenser 
having film as a dielectric. This method gives accurate result 
for uniform films. Vacuum evaporated electrodes are deposited 
on both the surfaces of the film to form a parallel plate 
condenser. Plane metallic electrodes can also be used for very 
good uniform surfaces. Capacitance of thin condenser thus 
formed is measured and the thickness is calculated using the 
observed value of the capacitance, area of the metallic 
electrodes and dielectric constant of the film. Absence of pin 
holes and uniformity of film surfaces are the two main 
advantages of this method. It is, therefore, most suitable for 
solution grown thin films. 

2.5 TYPES OF ELECTRODES 

The following four types of electrodes are used for 
making electrical contacts with polymer films for studying the 
electrical storage and transport properties : 

(i) Pressed metal- foil electrodes, 

(ii) Painted electrodes, 

(iii) Liquid contact electrodes, and 

(iv) Vacuum deposited electrodes. 

2.5-(i) PRESSED METAL-FOIL ELECTRODES 

Film is sandwiched between two plane metallic foil 

electrodes of desired shape,, area and good surface finish. 
Springs are used to ensure uniform pressure throughout the 
film surface. However, in the case of polymers, when 
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.iir* fniripf'I nll^ nt" IriqJi f pmpprntMirps , nvich 
totlff! cuti li t !!<i(lv<inLayeouH . At liigh temperatures, the 
polymer is softened. Due to pressure of the electrodes on the 
film, its thickness is reduced and this sometimes results in 
breakdown of the polymer film. Further, under ambient humid 
atmor’.phorlc conditionn, practically all metallic electrodes 
except gold and platinum form oxide and other chemical coating 
over their surfaces. This affects the experimental results by 
contaminating the film surface as improper transfer of charges 
takes place through contaminated surfaces. 

2.5- (ii) PAINTED ELECTRODES 

Electrodes of desired shape and area can be painted on 

film surface using conducting graphite or silver paints. 
However, the use of painted electrodes is not possible on most 
of the polymers, since the thinner present in the conducting 
paint may attack the film surface. Hence, the use of painted 
electrodes is restricted to those polymers only, which are 
inert to the thinner used with conducting paints. 

2.5- (iii) LIQUID CONTACT ELECTRODE 

In this method, non-metallized surface of an 
unilaterally metallized film specimen is kept in contact with 
a liquid such as water or ethyl alcohol so that a thin uniform 
layer of liquid rests over the non-metallized surface of the 
film. A potential is applied between the metallic electrode 
and rear unmetallized surface of the film. A double charge 
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layer is formed at the solid-liquid interface and as a result 
of interaction between electrostatic and molecular forces, 
charge transfer to polymer film takes place. Electroces should 
be withdrawn and liquid evaporated before removal of voltage 
to ensure charge retention on the specimen surfaces. Recently, 
non-wetting liquid- insulator contact electrodes have also been 
employed. Monocharge electrets have also been prepared using 
liquid contact electrode obtaned by filling one side metal 
polymer gap with liquid and leaving the other filled by air. 

2.5- {iv) VACUUM DEPOSITED ELECTRODES 

Vacuum deposition method is probably the best and most 
convenient for depositing metallic electrodes of desired size 
and shape. The metal can be vacuum evaporated on any metallic 
or non-metallic substrate or film specimen. No air gap exists 
between the evaporated electrode and the substrate. The 
electrodes can be very conveniently used for measurements at 
low as well as high temperatures, provided the melting point 
of electrode metal is higher than the temperature of 
measurements. 

In the present investigation, vacuum deposited metal 
electrodes are used. (Fi^, 2*2 2*3? 

2.5- (v) VACUUM COATING UNIT SYSTEM 

The metal electrodes were deposited by vacuum 

evaporation technique using a Vacuum Coating Unit. The Vacuum 
Coating system was assembled using necessary accessories . The 
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vacuum costing unit has been employed to achieve a vaccum of 2 
X 10 torr, in the evaporation chamber. A pirani-penning 
gauge system measures the vacuum in the belljar. A low tension 
transformer capable of providing 100 amperes at 10 Volts was 
used for resistive heating of tungsten spiral/boat to which 
the material to be evaporated was fed. Metals like aluminium, 
copper and silver of high purity of 99.99% are used for the 
deposition of electrodes. 

Vacuum evaporated metal electrodes were deposited on 
polyblend thin films using Hind High Vacuum Coating Unit, 
Model 12-A4. 

(a) MAIN PARTS OF THE COATING UNIT 

The unit consists of the following parts » 

1. Vacuum chamber : This consists of 

A. Hemispherical glass belljar with a L-shaped rubber 
gasket for air sealing, 

B. Support for substrate or specimen to be coated, 

C. Molybdenum boat or a tungsten filament for heating 
the material to be evaporated, 

D. Hinged metallic shield for controlling the 
deposition rate of the material, 

■ v 

E. High tension discharge unit (electrodes) for ionic 
bombardment, and 

F. Substrate rotator. 

2. Rotary pump 
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3. Diffusion pump 

4. Pirani gauge (for measuring coarse vacuum) 

5. Penning gauge (for measuring high vacuum) 

6. Electric supplies to the chamber ; 

A. A low tension supply - for filament and boat, 

B. A high tension supply - for glow discharge cleaning 
of the substrate, and 

C. Variac for LT and HT supply. 

7. Valves ; 

A. Backing valve (V^) - this connects the rotary pump 

with the diffusion pump, 

B. Roughing valve (V 2 ) - this connects the rotary pump 
with the vacuum chamber, 

C. Baffle valve (V^) - this connects the diffusion pump 
with the vacuum chamber, 

D. Air admittance valve (V^) - this allows air to enter 
into the vacuum chamber, and 

E. Gas inlet valve (Vg) - this allows gas to enter into 
the chamber at the desired rate. 

(b) OPERATIOlf OF THE COATING UNIT 

At the start all valves were closed and the rotary pump 

was turned on. It initially evacuates the tubes connecting the 

rotary pump and the junction of the backing and roughing 


valves, when the pressure shown by the pirani gauge attained a 
value less than 0.5 torr, the backing valve was opened for 
connecting the rotary pump with the oil diffusion pump. 
Circulation of water in the tubes surrounding the diffusion 
pump was started and the heater of the diffusion pump was 
turned on . 

Approximately half an hour later with the diffusion pump 
ready, the backing valve was closed and the roughing valve 
was operated for connecting the vacuum chamber directly 
with the rotary pump. The pressure inside the vacuum chamber, 
was allowed to fall to lO"^ to lO"^ torr. After which the high 
tension supply was switched on. This caused ionization of the 
rarefied air inside the vacuum chamber with the net result 
that the substrate was cleaned by ionic bombardment. The HT 
was switched off after 5 minutes. i 

The pressure inside the vacuum chamber was allowed to : 
fall up to 0.002 torr so as to establish a rough vacuum. After j 
this valve V 2 was closed and valve was opened again so that 
the rotary pump was connected to the diffusion pump for 
maintaining the backing vacuum. With valve open, the baffle 
valve was opened to connect the diffusion pump with the 
vacuum chamber . The vacuum was maintained by reading the 
pressure on the Penning gauge. When the vacuum had reached a 
pressure value of lo'^ torr, the low tension supply was | 
Switched on. When the Al pellet kept in the spiral tungsten | 
filament started to evaporate, the hinged metallic shield was 
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swung out to allow the deposition of the metal vapour on the 
surface of the specimen. In this way aluminium electrodes of 
5.5 cm diameter were prepared. 

With the deposition over, the filament and heater 
currents were switched off. Valve was closed and the fine 
vacuum Penning gauge was switched off. After 10 min the air 
admittance valve was opened to leak air into the vacuum 
chamber making the bell jar free to be removed and the 
electrodes deposited film to be taken out. The coating unit 
was closed down by first turning off the diffusion pump heater' 
with the rotary pump still running and the backing valve open. 
After 15 minutes when the boiler of the diffusion pump was 
cooled, the backing valve was closed and the rotary pump was 
switched off. Finally the water circulation in the diffusion 
pump was stopped. ('Pig* 4-) 

2.6 CIRCUIT CONFIGURATION AND PRINCIPAL EQUIPMENT 

The instruments used were practically common to all the 
studies undertaken in this thesis. The experimental circuitry 
was not complicated in all the cases. The current measuring 
cell with its constructional details and the specifications of 
the other measuring instruments are described in the following 
subsections . 

2.6-1 TEMPERATURE PROGRAMMING AND CONTROL 

During various experiments , a constant temperature was 
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achieved in the oven with an accuracy of ± 1 C. The 

teuipeiature prograituning was done in the oven with the help of 
a Laxson's programmable temperature controller, type 1600-2/B 
supplied by Laxson's Electric Private Ltd., Bombay. With the 
help of this instrument, it was also possible to provide a 
linear heating rate of 3 C/min to the specimen, during 
thermally stimulated discharge experiments. 

2.6-2 OTHER INSTRUMENTS USED AND THEIR SPECIFICATIONS 

(i) Electrometer Amplifier - Model 600B KEITHLEY 

- 5 - 1 4 

Current : 10 to 10 amps (full scale for both 

polarities) 

Accuracy j 3% 

Voltage range : 10 mV to 10 V (full scale for both 

polarities) 

Accuracy *. 1% ± 0 . 1 mV 

Input ! Greater than 10^"^ ohms in open position 

impedance of input impedance switch 

(voltage measurements) 

(ii) High voltage unit - Type 4800 B 

Manf . I Electronic Corporation of India Ltd., 

Hyderabad 

Output voltage: ± 50 to +3,000 volts 

(iii) Stabilizer - Nelco stabilizer 

Regulation : ± 1% from no load to full load 
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3.1 INTRODUCTION 


Transient currents in dielectrics observed upon the 
application of a step voltage have been studied extensively to 
give an insight into the polarization processes in the 
materials undertaken for the study. It is generally accepted 
that the transient currents in an insulating material, on the 
application or removal of a step voltage, may be attributed to 
one or more of the following mechanisms s (i) electrode 

polarization, (ii) dipole orientation, (iii) charge storage 
leading to trapped space-charge effects, (iv) tunneling of 

charge from the electrodes to empty traps; (v) hopping of 
charge carriers through localized states . The above processes 
have been reviewed by several scientists and it has been 
established that the observed time dependence alone does not 
permit any discrimination to be made between various 

mechanisms. The argument for and against a particular 

mechanism is to be found by considering the variation of 
transient currents on various experimental parameters also, 
such as temperature, field and frequency. Polymers contain a 
large number of structural disorders and, therefore, contain 
discrete traps levels in their bulk. The role of various 
polarization processes and their relative contributions to the 
electret state of the polymer is not yet fully understood. 
Particularly, the space charge structure including the trap 
distribution of energy and also over the volume of the 
polymer, are still to be well understood. Such informations 
are also being obtained by carrying out the measurements of 
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absorption and short circuit isothermal desorption 
(discharging) currents at various temperatures. The d.c. step 
response technique in which the current response is measured 
as a function of time after d.c. voltage is applied to, or 
removed from the sample, is the isothermal analogue of TSDC 
measurment, as it determines the discharging current at 
constant temperatures instead of varying temperatures. 

Polyvinyl pyrrolidone (PVP) is a polar polymer that 
exhibits excellent chemical resistance and good mechanical 
properties. Inspite of its activeness for many applications, 
the conduction mechanism is presently not well understood. In 
the present thesis, we have attempted to identify the nature 
of the transient conduction and thermally stimulated discharge 
currents in pure polyvinyl films by comparing the observed 
dependence on parametrs such as electric field, electrode 
material, temperature, time and relation between the charge 
and discharge currents, in the light of characteristic 
features of various proposed mechanisms. 

3.2 TRANSIENT CURRENTS IN CHARGING 
AND DISCHARGING MODES 

The charging or absorption current is obtained 
immediately after the application of a step voltage on a 
dielectric specimen, while the discharging or desorption 
current is obtained on removal of the step voltage provided 
the temperature is kept constant. Both the charging and 
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discharging currents decay approximately as t~^, where t is 
the time elapsed after the application or removal of the step 
voltage, and the exponent n is a constant depending upon the 
properties of the material and the experimental conditions 
[1]. Charging current decays with time until a steady state 
current, usually known as conduction current, is reached. On 
the other hand isothermal discharging current decays for a 
long time depending upon the internal phenomenon taking place 
irrespective of the steady state current level. 

The nature of transient charging and discharging 
currents differ from material to material depending upon the 
mechanism involved. The origin of these transient currents is 
still a subject of much controversy in the literature [2] and 
a large number of mechanisms have been proposed by various 
workers [3-10]. The combined effect of one or more may be 
responsible for the observed decay pattern of the transient 
currents. The discharging current is usually mirror image of 
charging current, provided that a steady state current does 
not occur. Hence, discharging currents can yield information 
about charging processes even when the corresponding charging 
current is masked by conduction current at charging. 
Quantitative as well as qualitative analysis can be made on 
comparing the experimental values of the decay exponent 
obtained under various experimental conditions [10]. The 
results of this technique can also be compared with those of 
other electrical studies, like thermally stimulated 
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discharge current (TSDC) and isothermal surface charge decay, 
etc. to get clear and justified conclusions. 

This technique is time consuming hence it is not very 
popular, but results of this long time technique are most 
consistent than any other technique because the electrical 
disturbances and instantaneous variations in other 
experimental parameters affect these experiments much less as 
compared to those involved in the fast discharge processes. 

The origin of isothermal charging and discharging 
currents has not been clearly accounted for in most of the 
dielectric materials because of lack of experimental data 
covering an adequate range of experimental parameters, i.e., 
field, temperature, electrode material etc. However, the 
results are available for many materials although covering 
very few experimental conditions, which are insufficient to 
yield clear and firm conclusions. 

In view of this it becomes worthwhile to undertake a 
detailed study of transient currents and to correlate the 
results obtained with those of other studies . This is expected 
to give a proper clarification of the transient response of 
charging and discharging in- polymers, which is of. prime 
importance for the analysis of the electret effect in polymer 
dielectrics . 
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3.3 MECHANISMS OF TRANSIENT CURRENTS 


We find that there is a little consensus on the way- 
absorption currents originate in polymers. This lack of 
agreement is evident from the fact that several mechanisms 
have been proposed to arrive at an explanation. But it has 
been seen that the applicability of each is limited and 
specific. The principal mechanisms are - 

3.3-1 ELECTRODE POLARIZATION MECHANISM 

Free charges are frequently available in the polymer 
bulk and have thermally activated mobilities. There is 
movement of these free charges towards electrodes of opposite 
polarities on application of a polarizing voltage and they 
start piling up near the electrode. We find that the electrode 
polarization or blocking mechanism (occuring in ionic 
materials) is characterised by linear dependence of the 
isochronal current on the field (though theory predicts a 
nonlinear region at low field), and a current that is 
thermally activated. It is also found that no definite 
confirmation exists on the dependence of the isochronal 
current at constant field with the specimen thickness . The 
current fall is initially proportional to t followed by a 

severe change, where n is greatsr than 1 . The charging and 
discliarging currents are mirror images of each other [12,13] • 


3.3-2 DIPOLE ORIENTATION MECHANISM 

If we have randomly distributed dipoles inside a 
polymeric sample, they will not produce a net dipole moment . 
However, these dipoles possess a definite relaxation time and 
activation energy with the relaxation time being thermally 
activated. On application of an external electric field at an 
elevated temperature, the dipoles start orienting in the field 
direction. Image charges are induced on the metal electrode 
surface during the orientation of dipoles, causing a net 
current to flow in the external circuit. The value of this 
absorption current depends on the rate of dipole orientation 
and decreases gradually with time at a fixed temperature and 
time. After removal of the polarizing electric field, the 
dipoles start deorienting, producing the desorption current in 
the external circuit. 

Dipole relaxation [12,13] can account for a t~^ 
absorption current, if a wide distribution of relaxation times 
exist for the dipoles uniformly distributed through the bulk 
of the material. The distribution has been theoretically 
analysed by Cole and Cole [14]. These relaxations are 
thermally activated and the current temperature curves taken 
at a fixed polarization time (isochronals) give an activation 
energy A(l-a) , where A is the activation energy, and a is the 
distribution parameter, for times t/r << 1, where r is the 
relaxation time. When t/x >> 1, the current falls with 
increasing temperature, with an apparent negative activation 
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energy A(a-l) . in dipole orientation there is no contact 
effect, i.e., there is no dependence on the electrode 
material, ihe current varies as I at where Os n s 2. The 
isochiorial current at constant field is independent of the 
thickness and is directly proportional to the field. To apply 
the dipolar relaxation model to nonpolar polymers, we require 
a sufficient concentration of adventitious polar groups. Since 
the current being observed is small, we presume that this 
concentration is usually there. 

3.3-3 CHARGE INJECTION LEADING TO TRAPPED SPACE CHARGE EFFECTS 
There are usually a high concentration of trapping sites 
in the forbidden energy gap of polymers. These trapping sites 
are the outcome of impurities or due to the internal molecular 
arrangements in macromolecules. The application of an electric 
field to the polymer sandwiched between two metallic 
electrodes causes electrons or holes to be Injected which get 
trapped in the trapping sites available, the distribution 
depending on the energy and trap depths. The charges which get 
trapped inside the bulk form a space charge which opposes 
further trapping of charge carriers . The trapping process 
causes the charging current to flow while removal of the 
external field produces the discharging current. The space 
charge model [12,13] needs a sufficiently high concentration 
of deep trapping levels to be present. Under this model, the 
isochronal current at constant field is independent of 


thickness . 


3.3-4 THE HOPPING MECHANISM 

Insulators have a wide energy band gap and low carrier 

mobility. The structure of these materials is such that the 

bonding between molecules is mainly due to Vander Waals or 

London forces and is rather weak, and also the overlap of the 

molecular orbitals and the intermolecular electron exchange 

are small which is not conducive for charge transport. These 

materials may have a large number of localized states within 

the bulk, with a wide distribution of activation energy and 

trap depths. These states may be filled with charge carriers 

like electrons, or holes. These states are separated from one 

another by potential barriers which prevent electrons or holes 

from moving from, say one molecule to a neighbouring molecule. 

Under application of an electric field, a carrier can move 

from one molecule to another by jumping over the potential 

barriers. This kind of charge transport by random jumps is 

known as the hopping model and will take place when < x < 

X , where x is the intramolecular vibration period, r is the 
e V 

electron relaxation time and x^ is the intermolecular 

0 

vibration period [23]. 

In transient currents, t;he hopping model [11,13] will 
exhibit the following characteristic features. The isochronal 
current will be directly proportional to the field. At 
constant fields, the isochronal current will be independent of 
the thickness of the sample. The current will also be 
independent of the electrode material . The current will be 
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thermally activated and its time dependence will be of the 
form t with 0 s n ^ 2. The charging and discharging currents 
will be mirror images of each other. 

3.3-5 THE TUNNELLING MODEL 

This model [15,12,13] assumes the presence of a trap 
level or trap levels in the dielectric. It may so happen that 
charge carriers may lack enough energy to surmount the 
potential barrier existing between these traps and hence take 
part in the current process. This model [16] assumes that an 
electron in a rr-molecular orbital on one molecule, when 
excited to a higher energy level (in our case by application 
of an external field at elevated temperature) can tunnel 
through a potential barrier to a non-occupied state of a 
neighbouring molecule. Traps are an essential part of the 
tunnelling model. It has been observed that the current-time 
curve is mainly due to the trap level closest to the Fermi 
level of the injecting electrode, whereas trap level which are 
deep and located well inside the band gap have been 
postulated. Deep traps have been reported [X7] in corona 
charged samples which in fact may be ion traps. The lack of 
substantial evidence on the presence of deep traps may be due 
to an inhomogeneous distribution leading to a weaker 
concentration of deep traps in the bulk as indicated by Davies 
[ 11 ]. 




The tunnelling model points to a field which is directly 
proportional to the isochronal current. Here, the isochronal 
current at constant field is inversely proportional to the 
thickness. The current is strongly dependent on the electrode 
material and is independent of the temperature . The current is 
dependent on time as I a t“^ with 0 ss n a 2. 

3.4 THEORY OF TRANSIENT CURRENT IN POLAR DIELECTRICS 
When an electric field is applied to a dielectric 
specimen kept between two plane metal electrodes, an 
absorption current flows in the external circuit. This current 
is composed of two components namely the polarization current 
component and the conduction current . Assuming that the 
polarization is due to dipoles of a single relaxation 
frequency a (T.) , the polarization current can be written as 
dP (t) 

It“ ^o ® ... {3.1) 

where T is the absolute temperature, t is the time, is the 
permittivity of free space and and are the static and 
high frequency dielectric constants, respectively. The density 
of current generated by decay in polarization is given by 

f. 

i (t) = = - a{T)P^(t) + c (e_-e.) (T)E ... (3.2) 

the conduction current i^, at a fixed temperature T and field E 
is defined as 

i = 0-(T) E • • • (3-3) 
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where o-(T) is the conductivity of the material at a fixed 
temperature T. Thus, the total absorption current will be the 
sum of both the components, i.e.. 


^ab 


ic ^ " 


(eg-e^)a(T)+cr(T) E - 


V3(T) 


(3.4) 


The desorption current is obtained when the sample is short 
circuited and the field is made zero. Thus, from eq. (3. 2) we 
have 

dP (t) 

— gp + P(t) (x(T) = 0 ... (3.5) 


where a(T) is a time dependent parameter. The above equation 
is a differential equation with constant coefficients. Its 
isothermal solution can be written as 


Pgtt) 


= PqSxp 


[- «(T) dt] 


(3,6) 


The current generated during deorientation of dipoles is 
only due to polarization. There is no conduction current since 
the external field is zero. The desorption current is thus 
given by 

dp (t) p n 
id(t) = - — It— = e^EfCt) = |a(T) Pq exp[-a(t)tQ]J ...(3.7) 

where E is the steady charging field, f(t) is the dielectric 
response function, P^ is the initial polarization and o(;(T) is 
the dielectric response loss peak in frequency domain. 


Alternatively, this can also be , expressed in terms of 
the frequency response of the complex dielectric constant, 
c (w) , 
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c(w) = €'(w) - i C"(w) (1+iw)"^ ... (3.8) 
where, c' (w) and c"(w) are the real and imaginary part of the 
dielectric constant. 

Thus, isothermal depolarization current measurements 
differ an alternative technique for dielectric constant and 
dielectric loss measurements as a function of temperature and 
frequency. 

Frequency dependence of dielectric loss factor can also 
be obtained using Hamon's approximation [18], i.e., 

c"(t) = ... (3.9) 

where i(t) is the magnitude of the transient current at time 
t, C is the geometrical capacitance of the electrode assembly 
without the sample, V is the applied step voltage and f is 
Hamon's frequency (= O.l/t). This approximate method gives 
good accuracy in calculation of dielectric loss provided there 
is a broad distribution of relaxation times. 

The time dependence of transient currents can be 
expressed according to the Curie- von- Scheidler [19] law 
expressed in the following form 

i(t) = k ... (3.10) 

In the optimum time range if the charging phenomena 
persists for a time t^, then according to the principle of 
superposition, time dependence of the transient currents can 
be expressed by the following equation 
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i^(t) a (T) (t) 


.. . (3.11) 


. ..(3.12) 

. . . (3.13) 

... (3.14) 

i ■ 

3.5 LAST DECADES^S WORK 

Transient charging and discharging currents in 
dielectrics have been studied extensively. Dasgupta and Joyner 
[20-22] observed the transient charging and discharging 
currents in polypropylene and PET films over a wide range of 
temperatures and electric fields as a function of electrode 
materials and sample thicknesses. Vanderschuren and Linkens 
[23] measured the transient charging and discharging currents 
in several polymers from room temperature to the glass 
transition temperature and the effect of varying parameters 
such as field strength, electrode material, sample thickness, 
method of polymer preparation and addition of impurities was 
investigated in some of them. The absorption currents in 
polystyrene (PS) and its donor- acceptor complex with chloranil 
(PS-CA) and in a blend of polycarbonate and polypropylene have 


" + t] 


Using eq.(3.11) we have, 

-i^(t) a (T) (t) = - k t~^ 

which gives for t << l/a(T) 


1 - -i 

( a(T) 

r"i 

L 1 

[Ttnr, 

r J 


^d, a(T) 

and 

for t >> l/a(T) 


^d,a(T)^^^ “ 


k t 


-n 


- n a (T) k t“^“^ 


where 0 < n < 1. 
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been observed [24,25]. Transient currents were measured in 
discharging [26] and charging mode [27] with ethyl cellulose 
foil samples. Ranjeet Singh and S.C.Datt [28] have also 
reported transient currents in polypropylene and concluded 
that the observed currents are governed by charge injection 
processes leading to space charge effect. Charging transient 
currents on ethyl cellulose foil samples have been measured by 
Dubey et al [29]. Transient (charging and discharging) 
currents in polyvinyl alcohol -polyvinyl pyrrolidone polymer 
blend films and polyethylene terephthalate were measured as a 
function of temperature, field strength and electrode 
materials by LakshmiNarayan et al [30] and Neagu and Neagu 
[31]. Recently, Khare [32,33] and his co-researchers [34-43] 
measured charging and discharging transient currents in 
various polymers as a function of electrode materials, sample 
thicknesses, poling fields and results have been interpreted 
on the basis of available theories. 

3.6 THE ELECTRICAL CONDUCTION 
The electrical conduction in polymeric dielectrics is 
mainly due to transport of free charge carriers present in the 
bulk of the polymer and from'a number of different conduction 
processes taking place simultaneously depending upon the 
experimental conditions. The structure of these materials are 
sensitive to their electrical, mechanical and thermal history 
so that the mode of conduction differs from polymer to polymer 
and the sensitivity of measurement is different for different 



materials. When a polymer is subjected to different conditions 
they often undergo structural transitions making charge 
carrier generation and transport phenomenon more complicated. 
No universally accepted theory has been propounded till date 
which can explain the conduction phenomenon in all the 
polymeric dielectrics. However, attempts have been made to 
explain the observed conduction behaviour on the basis of 
various existing theories. 

Many workers have tried to explain the dark conduction 
in polymers in their own way, such as traps and their energy 
distribution [44-46], tunnelling of charge carriers [47-50], 
Schottky emission [51-55], avalanche breakdown [56], etc. 
Still, despite inconsistencies in understanding the conduction 
mechanism, one can conclude on the basis of various studies 
reported in. the literature that some of the phenomena 
occurring during electrical conduction in polymers are similar 
and have physical origin similar to those observed in solids 
of poor electrical conductivity. 

In general, polymers are amorphous or semicrystal line 
substances. The transport mechanism in amorphous bodies is 
more complicated than the crystalline materials, especially 
for monocrystals where long range order exists. Thus, the 
charge transport mechanism in dielectric solids can be better 
understood from modifications applied to the quantum 
mechanical band theory of solids. Hence, band model of 
disordered materials has some of the gross features of that of 



crystalline structure, but with significant differences 
concerning details. Electronic conduction may be due to the 
motion of free electrons in the conduction band or holes in 
the valence band or alternately due to the motion of quasi 
localized carriers. 

If the concepts of band model are applied directly to 
organic solids, a very large energy gap between valence and 
conduction bands is expected, so that thermal activation in 
the normal temperature range is too small to transfer an 
electron from the valence band to the conduction band. 

In amorphous substances, there are many localized charge 
carrier levels and carrier mobility is very low. The low lying 
states may be treated as trapping sites (levels) but in 
comparison with crystalline substances they are not related to 
the discrete activation energy values because they are 
situated in the broadened edges of conduction band and valence 
band. Hence, it is difficult to consider the transport 
behaviour of polymers in terms of a generalised theory. It is, 
therefore, not surprising to see controversies on transport 
theories in the literature [57-63] or no single mechanism is 
able to explain the entire ' conduction in these materials. 
However, the theories proposed for amorphous and 
polycrystalline inorganic solids are normally applied to 
describe the conduction behaviour of these materials with a 
few limitations. 



3.6-1 GENERATION OF CHARGE CARRIERS 

Most Of the materials reveal in dark an exponential 
temperature dependence of conductivity (cr) of the form, 

cr = 0 -^ exp(- A/kT) ... (3.15) 

where A is the activation energy, k is the Boltzmann constant 
and T is the temperature- This led the earlier workers to 
assume that carriers are intrinsic in nature and hence they 
equated the experimental activation energy to half the band 
gap. 

The resistivity of polymers is high because both the 
mobility and carrier concentration are low. The concentration 
of carriers produced intrinsically by thermal ionization is 
also very low since the band gaps are several electron volts. 
Hence, it seems more likely that ionization of impurities is 
responsible for any outstanding concentration of carriers . 
Impurities may also provide carriers by internal field 
emission in the presence of gross doping. 

■ ' ' ' I 

The charge carrier generation through the injection of | 
electrons and holes from the electrodes has been widely 
accepted and this is probably the main source of carriers in 
high polymers. It is important to note here that the carrier 
density within the material should be much greater than the 
material being treated, i.e., the contact should act as the 
reservoir of carriers. Carriers once injected have appreciable 
mobilities and life times. Several workers have studied the 


89 


injection of charge carriers in polymer [64-66]. Hofman [67] 
has shown that conduction in atactic polystyrene (PS) depends 
on the injection of excess of electrons from metals. Davies 

[68] studied injection in polyvinyl fluoride and has shown 
that injection continues for a long time and for both 
polarities of applied potentials, although some asymmetry is 
indicated. 

Despite a great deal of work done, there are still 
plenty of unanswered questions about the origin of free charge 
carriers, which take part in conduction under electrical 
stream. It is still not evident whether the measured current 
is by the motion of charge carriers inherent to the polymers 
or those injected from the electrodes. Adamec and Calderwood 

[69] measured current in polymethyl methacrylate (PMMA) under 
two conditions; first when the specimen was in direct contact 
of the electrode, and second when an insulating air gap was 
present between the specimen and electrode. The finding that 
the conductivity determined by the experiment with contactless 
electrodes is the same as that obtained with evaporated 
electrodes supports the contention that the free charge 
carriers originate in the bulk of the polymeric dielectric. 

Doping of polymers with donors and acceptors and 
blending of two or more polymers increases/decreases the 
conductivity by several orders of magnitude and also modifies 
the charge carriers response for conduction. 


3.7 MECHANISMS RESPONSIBLE FOR CONDUCTION 

Some important conduction mechanism are now discussed 
briefly j- 

3.7- 1 OHMIC CONDUCTION 

Ohmic conduction is attributed to a linear relationship 
between the conduction current and applied voltage at a 
constant temperature. The value of ohmic conductivity in 
polymer dielectric is given by : 

cr = e {na^ + n u. ) ... (3.16) 

where and are trap modulated mobilities and n^ and n_ 
are the concentrations of positive and negative charge 
carriers, respectively. Because of large energy band gap in 
polymers, the charge carriers concentrations, i.e., and n_ 
are very small as long as radiation effects are absent. The 
mobilities and iu_ are also very small in electret forming 
materials. Thus, the ohmic conduction current can be regarded 
as a universal source of conduction current in polymers . The 
origin of free charge carriers in PMMA and other polymers also 
indicate some possibility of intrinsic charge carrier 
conduction in polymer dielectric [70]. 

3.7- 2 SCHOTTKY-RICHARDSON EMISSION AND POOLE-FRENKEL EFFECT 

In the presence of an applied field barrier profiles are 
altered. If the applied field is high enough and the electrode 
makes ohmic current with the insulator, the charge carriers 


91 


are 


injected into the insulator by lowering of the barrier at 
the metal “ insulator interface. This effect is referred to as 
the Schottky-Richardson (SR) emission. 

The expression for current due to SR emission is given 
by [55], 

I = ZST^ exp [ , ...( 3 . 17 ) 

where Z is the Richardson-Dushman constant (120° A cm”^ in 

theory) , S is the dielectric sample area, e is the Schottky 
potential barrier, k is the Boltzman constant, T is the 

temperature and E is the applied field across the sample . 
is Schottky field lowering constant, which is given by 

1 r 

^SR = ' •“ 

where is the charge on the electron, is the permittivity of 
free space, ■ e' is the high frequency dielectric constant of 
the material. 

The first term of eq.(3.17) shows a linear relationship 
between ln(l/T^) and (1/T) and the slope of the curve 

represents the Schottky potential barrier. Equation 3.17 also 

1/2 i 

shows a linear relationship between In I and E with a slope 

/• 

for a given temperature. 

Apart from the Schottky-Richardson emission [71], the 
linear dependence of In I on E^'^^ is also predicted by the 
Poole-Frenkel effect. If a charge carrier gets trapped in a 
Coulombic potential well, then it can be detrapped on lowering 
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of the trap depth by an applied electric field. The current 
due to the Poole-Frenkel [72] effect is given by, 


I 


ZST^ 



PF 

w 



eI/2- 


. .. (3.19) 


where /3pp is the field lowering constant and Spp is the trap 
depth, which is given by 


'^PF - 1 

Thus from eqa . (3.20) and (3.19) 

^PF “ 2 


. . . (3.20) 


... (3.21) 


The main difference between the Poole-Frenkel and the 
Schottky-Richardson models is that in the former the 
conductivity is bulk- limited whereas in the later it is 
electrode- limited. 


3.7-3 SPACE CHARGE LIMITED CURRENT (SCLC) 

If the electrode -insulator .contact is ohmic and the 
insulator is trap free, the accumulation of carriers near the 
electrode results in the space charge build up. Mutual 
response between individual charge limits the total charge 
injected into the sample. The resulting current is said to be 
Space charge limited current (SCLC). 

A complete mathematical analysis of time-independent 
space-charge current is so complex that no explicit 
explanation has yet been obtained. Mott and Gurney [73] were 
the first to emphasize the importance of an injecting contact 
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between a metal and an insulator. The expression relating the 
current density J to the applied voltage V, for a trap-free 
insulator is given by, 

" 8 ^ ^ ' • • • (3.22) 

where is the permittivity of free space, e' is the 

dielectric constant of the sample, p is the dipole moment, d 
IS the thickness of the sample and q is the elementary charge 
on the charge carrier . 

If traps are present in the insulator, the 

space- charge- Imited current is decreased by several orders. 
Rose [74] and Lampart [75] modified the theory of SCLC 

independently. Expression, given by Rose [74], for a trap 
dependent current density is 

n 

J = G_ 4 e -V •*. (3.23) 

S ° d^ 

where e is the ratio of trapped charge to free charge, and is 
called the trap limiting factor. 

Assuming that the carriers are trapped at shallow traps 
of average depth E, that remain in the thermal equilibrium 
state with the concerned band, © is given by, 

n_^:^ exp(-E„/kT) 

„ eft r f -5 

® “ N + n^^g exp(-E^/kT) 

where n is the density of states in the conduction band and N 
is the density of traps . 

Assuming N >> n^^^exp (-Ej,/kT) , © becomes, ^ ^ 
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N 


. .. (3.25) 


w" 


[^eff 


exp 



and, 

r E c e iu T 

j " (q/e) nei:l:®''p[- -RT ] •■■ < 3 . 26 ) 

Deviation from eq.(3.26) due to the dependence of the 
current density J on powers of V greater than 2 has been 
observed. This is explained on the basis of existence of deep 
traps and continuous distribution of trapping sites in the 
forbidden gap. Space charge limited currents (SCLC) in solids 
depend on the carrier transport and trapping and is 
independent of carrier generation. The fact that only very few 
organic solids show ohmic conduction has led to the belief 
that the conduction in organic solids is mainly extrinsic. 

3.7-4 IONIC CONDUCTION 

Ionic conduction occurs in materials which contain ionic 
groups or to which ionic materials have been added. In these 
materials, adsorption of water plays a dominant role because 
it can act as a source of ions, as a high dielectric impurity 
or as a local structure modifier. In amorphous polymers, ionic 
conduction can also occur due to the drift of defects on the 
application of an electric field. In various polymers, 
particularly those with halogens in their molecular structure 
conduction has been proved to be qualitatively ionic. Based on 
a model of diffusion of lattice defects or ions and a carrier 
hopping process [76], the expression for steady state current 

(I ) at high fields is given by, 

■ s . 
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(-VkT) exp(e* . L/kT) , ... (3.27) 

where L is the hopping (jump) distance and A is the activation 
energy. Eq.(3.27) show a relationship between In (I) and A. 

Ionic conduction is characterized by a high activation 
energy, noticeable polarization and a large transit time for 
ions. For materials with defect centres, the ionic conduction 
also exhibits different slopes in ln(I) vs (1/T) or the 
ln(I/T^) vs (I/T) plots [77]. Activation energies are larger 
at higher temperatures than at lower temperature . 

Studies of the structure of the polymer its physical and 
chemical properties and electrical properties will 
characterise the polymer and given an insight into the various 
mechanisms responsible for the different properties exhibited 
by it. Here an attempt has been made to characterise the 
polymer, polyvinyl formal, in thin film form. 

3.8 LAST DECADE'S WORK ON D.C. ELECTRICAL CONDUCTION 

The studies of electrical conductivity of these polymer 
films would enable us to understand their behaviour with 
temperature and the nature of conduction mechanism prevalent 
in them. A number of workers' have investigated the nature of 
conduction mechanisms in a variety of polymers. Excellent 
reviews dealing both theoretical and experimental results 
have appeared in the literature [78-81] . A brief review of the 
work reported in the literature is given below. 


Bashara and Doty [82] studied the current voltage 
characteristics and resistivity measurement in very thin 
polybutadiene films of thickness range 100 to 500 A°. It was 
found that the space charge limited conduction mechanism was 
the dominant mechanism in their films. It was also observed 
that the tunnelling takes place through the interface partly. 

Lengyel [83] studied the voltage -current characteristics 
and conductivity measurements of polyethylene- terephthalate 
and polyvinyl formal films prepared by vacuum evaporation 
method, in the temperature range 40 C to 120 C. The above two 
material films displayed the familiar Richardson- Schottky 
characteristics for fields between 20 to 200 kV/cm and 
temperatures 25 to 100 C. 

Lilly et al [84] studied the high field (2-1400 kV/cm) 
conduction in Mylar and teflon films of thickness ranging from 
1 to 10 mils as a function of temperature (70-163 C) . In the 
above films, the Schottky theory was found to be responsible 
for conduction mechanism by two space charges, ionic and 
electronic, each dominant at a different field level. 

Davies [85] studied the carrier transport in iodine 
doped polythene films which were sandwiched between two metal 
electrodes, the film thickness was approximately 1 mm. It was 
observed that the presence of iodine increases the carrier 
mobility over the pure film. 
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Babcock and Christy [86] studied the electrical 
capacitance, conductance and photo conductance of tetramethyl 
tetraphenyl trisiloxane thin films of thickness 150 A° formed 
by electron bombardment, on glass substrates in the sandwich 
configuration. They have successfully explained the conduction 
mechanism by field assisted thermal ionization of donors 
heavily compensated by acceptors. 

Gupta and Barbarez [87] measured the D.G. conductivity 
of polyethylene films over a thickness range 25-75 um in 
sandwich configuration. The results were applied to a model 
proposed by Adachi et al [88] and good agreement was found 
between experimental results and the model. 

Gazso [89] studied the variation of electrical 
conduction ■ with applied voltage in vacuum deposited 
polyethylene films of 2000 A° thick, in the sandwich 
configuration. He also studied the effect of irradiation by 
gamma rays on the conduction of polyethylene films. 

Boonthanom and White [90] studied D.C. and A.C. 
electrical conductivities in the polyethylene polymer films 
with copper dispersed in its matrix. They observed the large 
increase in electrical conductivity due to doping with copper. 
The results were explained by the mechanism of hopping traps 
in localised states close to fermi level. 


Kryzewski and Swiatek [91] studied the current voltage 
characteristics of polyvinyl carbazole and polystyrene films 
prepared by glow-discharge method. The studies were made over 
a temperature range 290-373 K. They found that above room 
temperature, conduction wan controlled by surface limited and 
bulk limited depending on the electrical field strength. 

Suzuki et al [92] studied the electrical conductivity 
and Hall effect on vacuum deposited thin films of 
polyacronitrile and made them serai -conductive by 
heat -treatment in nitrogen atmosphere. The results suggested 
that the conduction should be understood in terms of hopping 
transport of charge carriers in the localised states. 

Rastogi and Chopra [93] studied the current -voltage 
characteristics of pure and iodine doped polyvinyl chloride 
thin films prepared by solution growth technique, both in 
sandwich and surface configuration over a temperature range 
120-400 K. In the case of pure films, the conduction was 
ascribed to hopping mechanism at low temperatures and at high 
fields and at high temperatures to Schottky emission 
mechanism. The electrical resistivity of polyvinyl chloride 
films .decreases considerably by the addition of iodine. They 
also found that the activation energy depends upon the type of 
configuration in which the studies were made. 

Vollmann and Poll [94] studied the Current -voltage 
characteristics at thin polymer f luoro-carbon films with 
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thickness between 0.02 and 1.5 m deposited by different 
methods and with different contact materials. They observed 
the uniform conduction mechanism over the entire field 
strength not depending upon the method of preparation and the 
contact materials. The results were interpreted by means of a 
modified Poole-Frenkel effect for insulators with high 
impurity density. 

Desbarax et al [95] studied the electrical conductivity 
of polysiloxane thin films formed by glow- discharge method. 
They observed that in the steady state, Poole-Frenkel 
mechanism seems to be mainly responsible for the conduction. 

Mahendru et al [96] studied the electrical conduction in 
polypropylene films and found that the Schottky field assisted 
by thermionic emission was the dominant conduction mechanism 
in the temperature range 390-440K. 

Electrical conductivity studies in pure and iodine doped 
polyvinyl acetate films were made by Mahendru etal [97]. 
They prepared the films by solution growth technique and 
studies were made in the sandwich configuration. The 
electrical conductivity of polyvinyl acetate films was found 
to be increased by large amount due to doping of iodine. The 
results were interpreted in terms of Poole-Frenkel charge 
transfer mechanism. 

Gupta et al [98] carried the conductivity measurements 
of pure and doped polyvinyl fluoride thin films, prepared by 


solution growth technique, whose thickness was about 50 um. 
Conductivity measurements on pure and doped PVF films in the 
temperature range 300-500K have been reported. Here, vanadyl 
ions were found to affect the mode of conduction in the PVF 
matrix by contributing two additional activation energies of 
conduction. In unannealed films, the conduction was a 
thermally activated process while in annealed films the 
conduction was the combination of more than one thermally 
activated process. 

Jain et al [99] studied the temperature dependence of 
electrical conductivity of solution grown films of pure and 
doped polyvinyl alcohol . The thickness of these films was of 
the order of 100 microns and they were doped with different 
impurities, viz ., CuSO^, CUCI 2 , FeCl^, ZnCl 2 , NaCl and rhodamine. 
These impurities found to affect the electron traps in the 
forbidden band of dielectric and modulate the current flow. 

Phadke et al [100] studied the electrical conduction 
mechanism in polyferrocene films prepared by plasma 
polymerization. They found that space charge limited 
conduction was the dominant mechanism. 

^ [ 101 ] Studied the high temperature 
electrical conduction in polyethylene terephthalate in the 
temperature range 10-180 C at field strengths extending to 
2.4 X 10® V m~^. The data was found to be well fitted to 
electronic or hole, Poole-Frenkel conduction or ionic 
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conduction resulting from field assisted dissociation of 
protons . 

Takai et al [102] studied the high field conduction in 
poly (p-xylylene) thin films. The dark currents under fields 
upto 6 MV/ cm were investigated for a poly (P-xylylene) film 
with Au and Al as electrode materials. 

Audenaert et al [103] studied the D.C. electrical 
conductivity of poly(2-vinyl pyridine) -iodine films of 
thickness 80-100 jim as a function of iodine concentration and 
temperature in the range 200-30 OK. The electrical conduction 
mechanism was governed by electronic hopping between random 
localised states. 

Rao and Chopra [104] investigated the electron transport 
properties of Cu doped polyvinyl chloride films. D.C. 
conductivity, A.C. conductivity, dielectric relaxation and 
thermally stimulated discharge current measurements were made 
on Cu doped PVC films as function of Cu concentration upto 
12%. The results were explained in terms of tunnelling 
mechanism. The A.C. conductivity of these films favoured the 
hopping conduction. , 

The electrical properties of thin films of glow 
discharge polymerized hexamethylcyclotrisilazane were 
investigated by Tyezkowski et al [105] in order to determine 
the mechanism of electrical conduction. The I-V 
characteristics were studied at room temperature and 

102 


measurements of activation energy were made in temperature 
range 300-370K. The results of field dependence, temperature 
dependence and film thickness on the conductivity supported by 
the results of TSC measurements, suggested electrode limited 
conduction in the material investigated. 

Staryga and Swiatek. [106] studied the electrical 
conductivity of polycrystalline p-terphencyl films as a 
function of electric field, temperature and film thickness. 
The experimental data was interpreted in terms of hopping 
process between localised sites through potential barrier 
lowered by the electric field according to the modified 
Poole-Frenkel equation. 

Bahri and Singh [107] investigated electrical conduction 
mechanism in the metal -polyvinyl chloride (1500 A) -metal 
sandwich structure using Al, Ag and Cu electrodes. Two kinds 
of switching properties were found. The symmetric sandwich 
with Al electrodes exhibited voltage controlled negative 
resistance (VGNR) with memory, while asymmetric structures 
displayed current controlled negative resistance (CCNR) with 
memory. The VCNR mechanism was explained on the basis of high 
field domains and the CCNR phenomenon was explained on the 
basis of filamentary model. 

Sawa et al [108| studied the electrical conduction 
mechanism in polypyromellitimide films in the temperature 
range 120-180 C as function of electric field. An attempt was 

loa^^. ' 


irtade to fit the experimental results to the theoretical values 
for the ionic hopping conduction. 

Miyairi and leda [109] observed new type of I-V 
characteristics in polyethylene teraphlate films of thickness 
6 as function of different electrode materials. In the case 
of Au electrodes, two current peaks were observed around 5V 
and 20V at higher temperatures 160 and 170 C, whereas in Al 
electrodes single peak was observed at 160 C. 

Kulshrestha and Srivastava [110] studied the electrical 
conduction of solution grown polystyrene films of thickness 
about 15 pm in the field and temperature ranges of about 6 X 
10^ to 3 X 10*^ Vm ^ and 3 00-400 K respectively. The results 
showed that the Poole-Frenkel (PF) mechanism as modified by 
Jonscher and Ansari was the dominant conduction mechanism. 

Bahri and Singh [111] studied the conduction mechanism 
and I-V characteristics of pure polyvinyl chloride films of 
thickness range 500-1500 A*^ obtained by the isothermal 
immersion technique. The conduction process was examined in a 
broad temperature range 260-507 K, with applied electric 
fields ranging from 4.6 X 10^ to 1.5 X 10^ V cm At low 
temperature (below 325K) and at high fields (> 1.5X10^ V cm 
the current transport was ascribed to a tunneling mechanism. 
At high temperatures (above 325K) and at high fields (> 1.5 X 
10^ V cm”^) it was concluded that although the analytical form 
of I-V characteristics was similar to that obtained for both 


104 


Schottky emission and Poole-Frenkel effect the experimental 
value of /3g^p was incompatible with the theoretical values of 
^RS ^PF* resistivity of the PVC films was about 10^^ 
n cm at room temperature and at a field of lo’^ V cm"^. The 
activation energy was 0.60 eV at temperatures above 325K and 
at a field 1.5 X 10^ V cm"^. Finally the annealing of PVC 
films at temperatures around BOOK resulted in increased 
resistivity. 

Cros-Lee Gloan and St-Onge [112] studied the electronic 
conduction in polyethylene films in a high electric field. A 
study was made on the effects of applied voltage, temperature, 
electrode materials and polyethylene density. The results were 
interpreted in the light of existing physical models of space 
charge and electron trapping. 

The electrical conduction of Nylon was studied by 
Nakamura et al [113]. The results were interpreted in terms of 
the migration of a fixed number of ions existing in the 
polymer towards counter electrode .Lipinski et al [114] studied 
the electrical conductivity of p-terphenylTCNE structures. 
The increase in conductivity by two orders was explained by 
the existence of charge transfer complex formation. Sharma and 
Pillai [115] studied the electrical conduction in kapton 
polyiraide films at high electric fields and results were 
interpreted in terms of ionic conduction. Bahri (116] studied 
the D.C. electrical conduction in pure and iodine doped 
polystyrene films and the results were interpreted on the 
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basis of charge transfer complexes. The effect of iodine on 
electrical conduction in polyvinyl fluoride films was studied 
by Chand et al [117] and the results were explained on the 
basis of charge transfer. Tyezkowski et al [118] studied the 
Poole- Frenkel centres in dielectrics of plasma polymerized 
organosilicon films. Jayarama Reddy and Syrajuddin [119] 
studied the electrical conduction in pure and iodine doped 
polyvinylfluoride films. The results were explained on the 
basis of charge transfer between polymer and iodine. The D.C. 
electrical measurements on evaporated thin films of copper 
phthalocyanine was studied by Gould [120]. Lee et al [121] 
studied the conduction phenomenon of the polypropylene films. 
Four regions of conducting currents were observed and were 
attributed to ionic conduction a Poole-Frenkel region, a 
Schottky region and a negative resistance region. Kojima et al 
[122] studied the electronic conduction in polyethylene 
terephthalate at high electric fields. The results were 
explained by the impact ionization. The electrical conduction 
phenomena in polyimide (Kapton) films was studied by Sessler 
et al [123] with a particular attention to the separation of 
interface and bulk phenomena. The current -voltage 
characteristics were found to be ohmic at low fields while 
space charge characteristics were found to be ohmic at low 
fields and space charge limited at high fields. 

Tawanski et al [ 124 ] investigated the D.C. electrical 
conduction in polyvinyl alcohol films. The ohmic type of 


conduction was found to be operative below 303 K whereas space 
charge limited above 303 K, 

Narasimha Rao et al [125] studied the electrical 
conduction mechanism in pure and doped polyvinyl formal films. 
The results were attributed to the Poole -Frenkel conduction 
mechanism. Das Gupta and Doughty [126] studied the dielectric 
and conduction processes in polyether ketones. It was 
suggested that several mechanisms may be relevant and may all 
be involved in the conduction mechanism in a complicated 
manner. Narasimha Rao and Kalpalatha [127] studied electrical 
conduction mechanism in polyvinyl pyrrolidone films. The 
results were interpreted in terms of Poole- Frenkel type 
conduction mechanism. Electrical conduction in polyacrylic 
acid was studied by Narasimha Rao et al [128] and two 
conduction regions were observed. Basha et al [129] studied the 
electrical transport in polyvinyl alcohol films containing 
transition metal halides. The transport of carriers was 
attributed to hopping mechanism between localized states. 

Narasimha Rao and Subba Rao [130] studied the electrical 

cbnduction in polyacrylamide polymer films in the temperature 

6 

range 300-450K and field strengths ranging from 0.48 X 10 
24. I X 10® V m~^. The electrical conduction was explained as 
due to the simultaneous action of Richardson- Schottky and 
Poole-Frenkel mechanisms .Narasimha Rao et al [131] studied the 
electrical conductiion mechanism in polyvinyl alcohol films in 
the temperature range 300-450K and was found Richardson 
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Schottky mechanism operating over the entire range. 
Sathyanarayana et al [132,133] studied the electrical 
conduction mechanism in polyacrylamide films . 

3.9 EFFECT OF VARIOUS PARAMETERS ON ELECTRICAL 
CONDUCTION IN INSULATORS 

The electrical conductivity has been found to vary with 
various experimental parameters. However, the extent and the 
nature of variation differs from material to material. A brief 
description about the variation of electrical conductivity 
with various parameters, in general, is as follows - 

3.9- 1 ELECTRIC FIELD 

The dc conductivity has been found to increase with the 
applied electric field and is generally attributed to the 
Schottky-Richardson and Poole-Frenkel emissions. Kramer [134] 
have studied the field dependence of conductivity over a 
number of plastic films. 

3.9- 2 TEMPERATURE 

The temperature dependence of the conductivity can be 
emphasized considering insulating and semiconducting behaviour 
of the materials. At absolute zero, most of the semiconducting 
properties are brought about by thermal excitation of trapped 
charges or thermally stimulated charge carrier generation. 
Therefore, a rise in temperature is always associated with an 
increase in conduction current. 
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Current voltage or current -temperature curves are 
sometimes not identical during increase and decrease of the 
field or temperature. This type of hysteresis effect has been 
observed in case of carnuba wax, sugarcane wax, polyethylene 
and many other compounds. The temperature dependence of 
conductivity has been studied by various scientists. 
Conductivity variation with linear temperature increase has 
been studied by Adamec [135]. 

3.9- 3 PRESSURE 

DC conductivity has also been found to increase with 
pressure. Akamatu and Inokuchi [136] have found that the 
resistivity of the isoviolanthrone power decreases with 
pressure. Increase in conductivity followed by lowering of 
activation energy [137, 138]. At highest pressure it was found 
to be about 6 . times the atmospheric value . The pressure 
dependence of conductivity has been studied by many workers 
[139] and the materials studied include pentacene [140,141], 
£errot:ene [142], and many other materials [143-147]. 

3.9- 4 MOISTURE 

Conductivity is also affected by the presence of 
moisture in the insulator . Inokuch and Shirotani [139] have 
studied in detail the effect of moisture on pellets of organic 
solids. Barker and Tomar [148] have reported that humidity 
affects the steady state conduction in two ways s first being 
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the increase in dielectric constant with the increase of 
humidity which gives rise to a net increase in ion 
concentration by reducing the effective dissocation energy and 
second being the increase in effective conductivity with 
moisture. At higher fields departure from the other law was 
observed as a result of activation perturbation. Increase in 
dc conductivity with humidity has also been studied by Manthia 
et al [149] . 

3.9- 5 ELECTRODE MATERIAL 

The conductivity is also affected by the electrode 
material as the metal -insulator contact plays a genuine role 
in deciding the various conduction mechanisms. The injection 
of holes or electrons from the electrode material to the 
insualtor is governed by the electrode material and insulator 
work function. Effects of electrode material over electrical 
conduction in a large number of insulators have been studied 
by various workers [150-161]. 

3.9- 6 IMPURITY 

The presence of impurity content in the insulators has 

also been found to increase the conductivity of materials. The 

/ 

effect of impurity over electrical conductivity is so 
pronounced that the conductivity can be indicated as a 
characteristic of the sample purity. In the opposite way, the 
addition of limited impurity can be used to alter the dc 
conductivity in a desired proportion. It has been observed 
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that the conductivity always increases with dopants even when 
the dopants are mote lesiotive to the host materials. 

3.10 THERMALLY STIMULATED DISCHARGE CURRENTS (TSDC) 

The thermally stimulated depolarization current (TSDC) 
is a general method for investigating the electrical 
properties of high resistivity solids via the study of thermal 
relaxation effects and as such offers an alternative scheme to 
the conventional bridge methods or current-voltage-temperature 
measurements. The method has special advantages of its own 
which are (i) conductivity does not interfere in the 
measurements, (ii) the motion of small chain segments whose 
processes have very low losses can be detected, (iii) since 
time and temperature can be and are simultaneously changed in 
TSDC methods, therefore, the phenomena which vary with time or 
temperature can be analysed, and (iv) low frequency behaviour 
of the dielectrics can be elucidated in a simple way. 

The TSDC technique involves measuring with a definite 
heating scheme, the currents generated by the release of a 
polarized state in a solid dielectric sandwiched between two 
electrodes. We find that TSDC being used for studying ' the 
fundamental mechanisms of charge storage and release in 
non-metallic solids and hence the present stage of 
experimental and theoretical development of TSDC is such that 
we have a vast number of theoretical models formulated to 
clarify the experimental data obtained on various types of 
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charge storage mechanisms. But it can be seen that the 
proposed mathematical expressions rely on much simplified and 
unrealistic assumptions leading to similar descriptions of the 
polarization process. We find that the immeasurability of the 
microscopic parameters lead to glaring discrepancies between 
the propounded theory and the experimental data. It can be 
observed that one of the major problems of the measurements is 
to unequivocally determine the physical origin of the observed 
current peaks . 

The microscopic origin of a given current spectrum is 

obtained by comparing the predictions of the general theories 

related to the main polarization process with the available 

experimental data. Workers in the field ascribe the 

polarization of a solid dielectric - subjected to an external 

electric field - to a number of mechanisms involving either 

microscopic or macroscopic charge displacement. The mechanisms 

are (i) electronic polarization resulting from the deformation 

- 15 

of the electronic shell requiring about 10 seconds, (ii) 

atomic polarization occurring from the displacement in 

-14 -12 

molecules with heteropolar bonds requiring 10 to 10 
seconds, (iii) dipolar or orientational polarization which can 
occur in pioo seconds or months and occurs in materials 
containing permanent molecules or ionic dipoles, (iv) or 
space- charge polarization which occurs in materials containing 
intrinsic free charges (ions or electrons or both) and can 
take place in millisecond or years, (v) interfacial 
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polarization also known as Maxwell-Wagner-Sillars (MWS) 
polarization happens in systems with a heterogeneous structure 
within the time range of millisecond to years [162]. The 
present thesis highlights the theories of dipolar, 
space- charge and MWS polarization with special emphasis on the 
much discussed dipolar mechanism. 

The Thermally Stimulated Depolarization Current (TSDC) 
is an useful and powerful technique to understand charge 
storage and charge decay processes in electrets. Now-a-days 
this technique is being utilized widely to investigate the 
molecular relaxation mechanism, trapping parameters and charge 
storage behaviour of insulating materials including polymers. 
The method consists of mainly two parts : Polarization of a 
specimen under the specified conditions of electric field, and 
temperature for a stipulated period. The poled sample 
(Thermoelectret ) is afterward depolarized through a current 
recording device unde^ stimulation of linear heating. 

As an inherent property of regaining charge neutrality, 
electrets discharge by means of various processes. Depending 
upon the nature of polymer electret, any one or two or even 
more than two processes can play a prominent role in the 
discharging process. In the electrets made from the polar 
materials, the disorientation of dipoles plays a prominent 
role. The disorientation of dipoles involves the rotation of a 
coupled pair of positive and negative charges, and requires a 


certain energy which in solids may amount to a few eV per 
dipoles . 

Often the disorientation energy (activation energy) 
differs for different dipoles (or charges) . Therefore, the low 
activation energy dipoles respond at low temperature, while 
the high activation energy dipoles at high temperature. 
Consequently, TSC (thermogram) generally consists of many 
peaks. If the difference of activation energy is not large, 
these peaks overlap and merge into a broad peak (/3-peak) . 

Such broad peaks are often seen as a result of 
disorientation of polar- side groups in polymers at low 
temperature. Another possible cause for the appearance of 
broad peak is a difference in the rotational mass of the 
dipoles. These differences occur in a polymer when it is 
heated to its softening temperature, where the dipoles are 
disoriented by the motion of main chain segments. This 
disorientation is responsible for the a-peak, which responds 
at glass-rubber transition temperature, T^. 

Polarization of dielectric can also occur due to any 
shift-of -ion from its equilibrium to a new position; the shift 
may be in the form of trapping at the position slightly away 
from their equilibrium position. Heating of dielectric 
provides activation of any such trapped ions to be detrapped 
and return to their original positions which results in the 
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decrease of total polarization in the form of a peak of TSDC 
theririograino . 

In addition to dipoles and trapped ions, polarization 
appears in an electret (dielectric) in the form of nonuniformly 
stored immobilized space charges, usually stored densely near 
electrodes [163-165]. Heating mobilizes them, which results in 
neutralization of such mobilized ions either at electrodes or 
in the sample by recombination with charges of opposite sign. 
In general, at higher temperature field controlled self drift 
persuades driving (motion) of any such charges. Space-charge 
peaks (referred as /3 peaks) appear at high temperatures 
[163,165-168] because disorientation of dipoles, merely 
involves a flip from one position to other while 
neutralization of space charges requires them to move over 
many atomic distances. In polymers, at very high temperature 
(near and above T^) , the self motion of space charges usually 
is accompanied with a second neutralization mechanism; namely, 
recombination with thermally generated carriers. These 
carriers are generated uniformly in the entire specimen by 
dissociation of neutral entities. These carriers may be 
electronic or ionic in nature and are responsible for 
conductivity of material. In polymers these seem to be 
impurity ions which contribute most of the ohmic conduction, 
because polymers show an appreciable conduction only above 
glassT transition temperature when enough free volume is 
available for ions to move. In the TSD of shorted electrets it 
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passes completely unnoticed, the net conduction current being 
zero because there is no voltage across the sample. 

Self motion of the space charges can be described in two 
ways. If the charges are ions, they are generally considered 
to be free to move with a thermally activated mobility. This 
can also be visualized as hopping from one vacancy to another 
across a potential barrier equal to the activation energy. If, 
however, the charges are electrons or holes, it is more 
appropriate to visualise them as being immobilized in local 
traps from which heating releases them into a band of energies 
in which they can freely diffuse to the electrodes. 

In heterogeneous systems consisting of amorphous and 
crystalline ■ phases, another kind of trapping known as 
interfacial trapping occurs [163,165-168]. The interfacial 
charges are due to difference in conductivity of phases. 
During polarization, these carriers will either accumulate or 
be depleted near a particular interface in the form known as 
Maxwell -Wagner effect depending on whether the incoming local 
conduction current is greater or smaller than the outgoing 
one. The difference in local conduction current are also 
responsible for the dissipation of the charges in the 
subsequent TSD, because the current then flow in the opposite 
direction . 

Polarization in a dielectric also arises from charges 
injected from electrodes [162], when the material is 


sandwiched between two electrodes bearing high electric field. 
Injected charges may either be trapped ox" form space charge. 
This injection takes place due to Richardson- Schottky emission 
of electrons or holes from the metal electrodes. Such charges 
can be captured in the dielectric at different sites. Perlman 
[169] based on his observation of TSDC of corona charged 
electrets containing no aligned dipoles, has classified the 
charge storage sites into three structural levels. The primary 
levels are atomic sites of molecular chains, secondary levels 
are the cages between adjacent molecules where charges can be 
trapped and the tertiary level trapping involves charge 
storage in the region where material changes its phase, i.e., 
interfaces. The charge released from the primary levels depend 
upon the motion of the group of atoms. The charge released 
from the tertiary level depends upon the main chain motion on 
their drift under space charge limited conduction 
[170-181]. Release of trapped charges takes place in two 
stages, first is detrapping while second is related with 
transportation of released ones. 

The magnitude of the TSDC current depends on the charge 
retained by the electret. However, the time interval of 
current cannot be equal to the charge originally present, 
because all the decay processes do not contribute fully to the 
external current, e.g., charge neutralisation by ohmic 
conduction in shorted electrets does not contribute to the 
external current at all. Self drift of charges, particularly 
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when neutralization requires them to move over relatively 
shoit distances, is also an inefficient current generating 
process , Diffusion ig likewise an inefficient current 
generating process. With ohmic electrodes the charges diffuse 
systematically outwards and no current is generated at all. 
The only process whose efficiency is 100% is the 
disorientation of dipoles. 

3.11 TECHNIQUES AND THEORIES OF TSDC 

Thermally stimulated decay of an electret can be studied 
by any one of the following four techniques - 

(i) Current TODC with olKiitad electi-odf'O , 

(ii) Current TSDC with an air gap, 

(iii) Charge TSDC by transferring the charge induced on 
the upper electrode to a sensitive electrometer, 
and 

(iv) Charge TSDC by field cancelling technique. 

3.11-1 CURRENT TSDC WITH SHORTED ELECTRODES 

The method was developed for bimetallized specimens by 
Freis [182] and subsequently successively applied by other 
workers. The particular name' is derived from the fact that the 
voltage drop across the electrodes is zero. Owing to the 
virtual short circuit, the main electric field and the mean 
ohmic conduction current within the electret are so small that 
only a displacement current makes observable influence. 
Therefore, the resultant external current is due to the image 
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charges escaping from the evaporated electrodes which 
induced by dipoles and space charges. 

3* 11*^2 CURRENT TSDC WITH AN AIR GAP 

To study the decay of unilaterally metallized 
homoelectrets, Turnhout [176] has modified Freis method [182] 
by introducing an air gap between non metallized side of the 
specimen and adjacent metal electrode. When such a assembly is 
heated, a displacement current is generated by image charge 
released from the noncontacting electrodes as the air gap 
prevents the electret charges from recombining with the image 
charges of the upper electrode. Since, the electret itself is 
not shorted, the electric field within the electret is no 
longer zero and infact becomes quite large. Consequently, the 
ohmic conduction current flowing through the electret produces 
an appreciable displacement current, whereas it remains 
obscured in current TSD of shorted electrodes. 

3.11-3 CHARGE TSD BY TRANSFERRING THE INDUCED CHARGE TO AN 
ELECTROMETER 

Various methods have been developed to investigate 
charge TSD by employing an air gap between nonmetallized side 
of the dielectric and adjacent electrode. A common method is 
to move the nonacpering electrode periodically away in order 
to transfer the image charges induced on it to an integrating 
electrometer. However, no continuous record of the decaying 
charge can be obtained and hence it is difficult to determine 
accurately the temperature of the fastest decay. 
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3.11- 4 CHARGE TSDC BY FIELD CANCELLING METHOD 

Cuiierib ISDC uieasureitients have been found to be 

unfavourable in case of one side metallized homoelectret foils 

for which the ratio between the air gap and electret thickness 

cannot be made small. In such a case, the decaying electret 

induces most of its image charge on the grounded adhering 

electrode instead of the probing electrode. A novel version of 

the air gap charge TSD developed by Turnhout [ 176] . The method 

which also allows a continuous monitoring of decaying charge 

is based on the field cancelling technique, according to which 

the external field of the foil is nullified by driving the 

noncontacting electrode with an adjustable bias voltage V of 

s , 

the same value and polarity as the equivalent voltage of the 
electret. Since the upper electrode in such a system is 
virtually floating, the external current is zero and hence the 
method is referred to as the charge TSD in open circuit . 

The discharge of a shorted electret usually takes place 
either due to dipole relaxation or space charge relaxation. 
These two processes are described by separate theories which 
have been discussed in the following sections. 

3.11- 5 THEORY OF TSDC DUE TO DEORIENTATION OF DIPOLES 

Consider a polar material containing N dipoles per cubic 
mot- re with n dipolo mnmont P. Tho dipolo will bo ornonhed 
during the charging by field E, and produce a final 
polarization, P^, 
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= N p 4 cos e 


... (3.28) 


where 9 is the angle the dipole makes with the direction of 
the field. The alignment that is forced on the dipoles by the 
charging field E is counteracted by their thermal motion. For 
non interacting dipoles, i.e., when the dipolar concentration 
is sufficiently low, we have for the average orientation, 


cos 0 = 


P e 
o 

“TTTT 


. . . (3.29) 


where e is the dielectric constant of the medium, e is the 

o 

dielectric constant of free space and T is the temperature. 

During subsequent TSDC, the aligned dipoles will 
randomly deorient at a rate proportional to the number of 
dipoles still aligned. The polarization will, therefore, decay 
according to the Debye rate equation, 

+ a(t) P(t) =0 ... (3.30) 

where P(t) is the dipolar polarization at a given time t and 
a(t) is the reciprocal relaxation time or relaxation frequency 
which is assumed to be the same for all dipoles. The current 
density generated by the decay in polarization may then be 
expressed as 

Kt) = - = i-a(t) P(t) ... (3.31) 


where P(t) follows from eq. (3 .30) after integration 

.t 


P(t) = P exp - f oc(T) dp] 
° L J 0 


... (3.32) 


Since the temperature is raised linearly with time, the 
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CLu. loiiL deiiBity may also be wriutea as a function of 
temperature, 


I (T) 


T 

-a(T) expj^- J a(T) dT 


... (3.33) 


Here, h is the inverse heating rate dt/dT. Because a (T) is 
small at low temperature, the electret will retain its charge 
for a, long time when stored at room temperature. During 
heating, a(t) increases strongly following Arrhenius equation, 


a(T) = exp(-A/kT) ... (3.34) 
where is the natural relaxation frequency and A is the 
activation energy required to disorient a dipole. 


The energy A can be considered as a potential barrier, 
which the dipole has to surmount before it can readjust its 
direction [174,183,184]. Equation (3.34) broadly applies to 
relaxations involving the rotation of small molecular groups. 
However, this equation fails in the case of major relaxations 
in polymers, which occur when the polymer passes from the 
glassy to rubbery state. This glass rubber transition involves 
the configurational rearrangement of various parts of long 
main chains. Their relaxation in this case obey 
Wagner-Landle-Ferry (WLF) equations [174,185-191]. 


a(T) = ag expf^^C^ (T>Tg) ... (3.35) 

For most amorphous polymers 

a » 7 X 10"^ s~^, C, = 40 and » 52 K. 

Often the activation energy of dipoles is not the same. 
Dipoles with low activation energy orient at low temperature 
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while those with high activation energy respond at high 
temperatures. Apart from the distribution in activation 
energy, there may be a distribution in rotational mass of 
dipoles which will then lead to distribution in the 
pxe exponential factor a, in eg. (3.34) . These distributions 
are described by the following relations, 


q:^(T) = exp(-A^/kT) 

and 

ai(T) = exp(-A/kT) 


. . . (3.36) 

. . . (3.37) 


In the case of distribution in natural frequency the 

polarization is given by, 



-00 

r 

P(t) = Pq 

F(aQ) exp 

.■ “o 


0 



.t 


exp(-A/kT) dTjda 


... (3.38) 

and in the case of distribution in activation energy, the same 


is given by, 


P(t) == P, 


j pi- 

g(A) exp j^- exp(-A/kT) dTjda 


... (3.39) 


where F(a ) and g(A) are the distribution function in natural 
frequencies and activation energies. These functions represent 
the contribution between a^ — » a+da and A- — > A+dA to total 
dipolar relaxation strength Eg-e^. Actually, they are relative 
contribution to e„-e because they are normalised, so that 

.3 oo 


The corresponding expressions for TSDC are obtained by 
differentiation of Eg. (3.38) and (3.38), 


= Pq exp ( -A/kT) 

pOO 


ft 

“o^^“o^ exp 

- OC 

o 

exp ( -A/kT) dT 


0 


0 


. . . (3.41) 


i (t ) 


P^exp 

0^0 


00 

g(A) expr-(A/kT) 

0 


.t 


oc. 


exp ( -A/kT) 

0 



dA 


. . . (3.42) 


3,11-6 THEORY OF TSDC BY SELF MOTION OF CHARGES 

Apart from the dipolar polarization, the polarization 
can also arise due to space charge formation in the sample. As 
we know that a dielectric never insulates perfectly, 
particularly, not at high temperature when an increasing 
number of thermal carriers are generated. During polarization 
these carriers move in the applied field and when the 
dielectric is cooled, some of them are trapped in various 
available traps existing in the sample. Owing to this process 
thermally formed electrets usually contain a space charge 
polarization. Space charges can also be injected from the 
electrodes, specially at high field strengths [163,166-168]. 

At low temperature the space charges remain frozen in, 
but when the temperature is raised, these charges get 
thermally activated and remobilized. During heating in short 
circuit these space charges move under the influence of the 
internal field of the electret, giving rise to thermally 
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stimulated discharge current in the external circuit. Some of 
the mobilized space charges move to the electret [174,166-168] 
and recombine with their image charges while some of them 
recombine with their counter parts within the electret. 

In the case of space charge TSDC, the current obtained 
in the external circuit is thus given by, 

I(t) = C exp(-A/kT) - OT q) exp(-A/kT) dT ... (3.43) 

where A is the activation energy, C is a constant, /3 is 
heating rate, k is the Boltzmann constant and is the 

pre-exponential factor of relaxation time. 

3.12 EFFECT OF DIFFERENT FACTORS ON TSDC SPECTRA 

(a) Polarizing Field (Ep) : 

In order to form electrets, specimen is subjected to 
electric field, known as polarizing field E . In the TSDC 

ir ■ , 

spectra, the peak due to dipolar or volume polarization 
increases linearly with Ep, whereas the space charge 
polarization varies non linearly with polarizing fields [192]. 

(b) Polarizing Temperature (Tp) : 

The temperature at which sample is polarized, is 

polarizing temperature. The polarizing temperature Tp affects 
the position and magnitude of peak current significantly. For 
a process with single relaxation time, the peak in the TSDC 
spectra remains unaltered while its magnitude increases with 
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increasing (T^) . in a distributed relaxation process, both the 

position and magnitude of peak current depend on T . 

P 

(c) Polarizing Time (T ) ; 

P 

The position and intensity of peak current in the TSDC 
spectra depend on the polarizing time. According to Turnhout 
[140], (Tp) should change logarithmically to obtain charges of 
the same magnitude as with the charge of T^. 

(d) Electrode Material ; 

Effect of electrode material on TSDG spectra ■ of 
thermoelectrets has been studied and it has been shown that a 
good correlation exists between the charge acquired by the 
thermoelectret and the work function of the metal electrode 
used during polarization [193,194-196]. Shrivastava et al 
[193] studied effect of electrode material on TSDC of 
poly (styrene) (PS) films and concluded that the first stage of 
charing of PS films, as a result of contact with the metal, is 
charge inj ection which decreases with the increase in metal 
work function. The second stage is entrapment of these charges 
in the border layer. Mahendru et al [196] observed that 
thermally stimulated dicharge current is negative with 
electrode metals of lower work function, whereas it is 
positive when the metals used as electrodes are of higher work 
function during the depolarization of identically polarised 
specimen of poly (vinyl acetate) . 
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(e) Specimen Thickness ; 


The charge on an electret has been found to depend upon 
its thickness [197]. 

(f ) Heating Rate ; 

When the heating rate is slow, the polymer responds 
sooner in giving a current at a lower temperature. Its 
intensity is lowered by a factor equal to the ratio of the 
increase in heating rate. The current is decreased because the 
final charge released is the same. The peak temperature and 
heating rate are related according to the following equation 
for dipolar relaxation processes, 


where k is the Boltzmann's constant, T_ is the peak 
temperature, /3 is the rate of heating, A is the activation 

O. , . ' 

energy and r is the relaxation time at peak temperature. 

Variation in heating rate provides information regarding 
the nature of traps and type of relaxation mechanisms in an 
insulator. This method has been recently exploited by a large 
number of workers [198-201]. 

(g) Impurity 

^ a polymer matrix is impregnated by an 

impurity, a Charge Transfer Complex (CTC) is formed. CTC 
formation sometimes changes the structure of polymer. The 
magnitude and shifting of a current maximum has been observed 
by many workers in polyethylene [202-204]. 


(h) Humidity 

Humidity also affects the TSDC thermogram. At different 
pH values the absorption of moisture is different. Some 
polymers form complexes also with water [205]. 

3.13 EVALUATION OF TSDC DATA 
3.13-1 ACTIVATION ENERGY 

Now, we discuss the various methods for evaluation of 
activation energies from the observed TSDCs thermograms. 


(A) INITIAL RISE METHOD 

In this method, suggested by Gar lick and Gibson [206], 
the activation energy A is obtained from the straight line 
portion of l(t) vs 1/T curves in the range where the TSDC 
current rises initially. 


If we differentiate the TSD current over initial rising 
part with respect to 1/T, we have 


din l(t) ^ 

-mjTTT = ' ~r 


. .. (3.44) 


(B) BUCCI-FIESSHI AND GUIDI (BFG) METHOD 

According to this method [207], the activation energy A 
can be calculated from the relation 


a(T) 


I (t) 
FTty 


I(t) 

0 


I(t) dT 


. .. (3.45) 


J fji . 

where a (T) is the reciprocal relaxation time of relaxation 
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frequency, (3 is the heating rate and T the absolute 
temperature . 


(C) HALF CURRENT PEAK-WIDTH METHOD 

Using this method, the activation energy A can be 
evaluated from the relation 


AT 


m 


k T 


2.47 


m 


A 


... (3.46) 


where AT is the half width of the current peak and T is the 

^ m 

peak temperature. 

(D) HEATING RATE VARIATION METHOD 


Activation energy can also be estimated by changing the 
heating rate of the electret. If heating is changed, the 
activation energy can be deduced by observing the shift of the 
peak temperature from T^ to On differentiating Eq.(3.42) 
we find that the current maximum occurs when 



... (3.47) 


which, for an Arrhenius type d-T relation, transforms into 

a 

= 1 . . . (3.48) 


a (T^) ^kT;l 
m m 


A 


For the two heating rates, we then have 

T£ a(Tj_) = /32 T^ a(T 2 ) = constant ... (3.49) 

If the heating rate is changed more than twice^ it is 
advantageous to find A from [208]. Such a 

plot need not be based solely on the TSDC maxima. The other 
points of the TSDC peaks may also be involved. This is done in 
the method suggested by Solunov et al [209,210]. 
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3.13-2 RELAXATION TIME (x ) 

'o' 

The low temperature tail of equation 3.43 is given by 
log i(T) = Const j ... (3.50) 

Thus, from equation (3.50) the activation energy A of 
the discharge process responsible for the peak can be obtained 
from a plot of log I versus 1/T. 


On differentiating equation (3.43) with respect to 

r di 


temperature and equating it to zero 


~dt 


= 0 


, one obtains 


the temperature (T^) were maximum current occurs . T^ is given 


by 


k tC 


m 


o 


/3 A exp 


“A~r 

J 

tn 


... (3.51) 


Finding T^ from current versus temperature plots, one 
can calculate t^. Knowing we can easily calculate the 
relaxation time at T„ and at any temperature, i.e. 




m 


= Tq exp 


A 

~W 


m 


(3.52) 


Calculations of r, . from equation (3.52) requires the 

value of T one can, however, calculate z, . without knowing 
o (V 

From equation (3.51), we have 

/3 A exp |A/kTj 


kT 


m 


or T 




0 A Z 




k T_ 


m 


/3 A 


(3.53) 




130 


Knowing from experimental plots t. . can be obtained 

^ m 

directly from 3.53. 

3.13-3 CHARGE RELEASED (Q) 

Charge released (Q) during the discharge was calculated 
by integrating the current versus temperature/time curves 
using Simson's rule. 

3.14 LAST DECADE" S WORK ON TSDC 

Polymers are generally good dielectrics which are 
capable of storing the charge in them permanently when 
subjected to field temperature treatment. Such dielectric 
materials bearing persistent charge are called 
thermoelectrets . When thermoelectrets are subjected to a 
programmed heat treatment, they give rise to a current in the 
external circuit and this is called thermally stimulated 
discharge current (TSDC). Thermally stimulated discharge 
current technique is a convenient and sensitive method for 
studying the charging and discharging process in dielectrics. 
These currents are due to dielectric relaxation behaviour and 
motion of free charges in the polymer. Hence the TSDC 
technique can be used to understand the low frequency 
dielectric relaxation in solids and the relaxation between 
dielectric behaviour and process on the atomic scale. Because 
of the high sensitivity of this technique, it is also used to 
investigate the low concentration of dipolar impurities. 
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formation and aggregation of impurity vacancy complexes, phase 
transitions, photographic response of silver halides etc. 

Studies on thermoelectrets started as early as 1922 by 
Eguchi on Carnuba wax. Since then various dielectrics both 
plastic and ceramics have been studied extensively by 
different workers. Excellent reviews on this subject both 
theoretical and experimental have appeared in the literature 
[211] . Some of the work recently reported in literature on 
polymer thermoelectrets is briefly reviewed below to get a 
comprehensive picture of the present state of research on this 
subject. 

Thermally stimulated discharge currents (TSDC) in 
carnuaba wax electrets were studied by Perlman [212] using a 
linear heating rate for various polarizing fields, 
temperatures, times and thicknesses of the sample. Three peaks 
were observed at 47, 59 and 69 C respectively. Microscopic 
displacement of ions with trapping was proposed as the 
possible mechanism for the TSDC. 

Caserta and Serra [213] have made simultaneous 
measurements of current voltage characteristics, isothermal 
discharge currents and thermally stimulated discharge currents 
to determine the mechanism of formation of electrets in 
carnuaba wax. Homocharge from the electrodes and hetero charge 
with the material are found to be responsible for TSDC. 
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Ihe electret effect in shellac wax was investigated by 
TSD current (TSDC) by Filial et al [214] prepared under 
different polarizing conditions. They observed only one peak 
for the TSDC spectra. They have attributed the TSDC spectra to 
the dipolar orientation and microscopic displacement of 
charges with trapping. 

Jain et al [215] studied TSD currents in solution grown 
polyvinyl butyral films as a function of the polarization 
field (750 to 25000 V/cm) and iodine dopant concentration. 
Polarized PVB films exhibited two glow discharge peaks one at 
350K ( 13 ) and the other at 43 OK (a) corresponding to activation 

energies of 0.19 and 0.53 eV respectively. It was observed 

that the |3-peak disappeared at low polarizing fields (750 
V/cm) . The a-peak was attributed to the depolarization of the 
aligned dipoles connected to the main chain whereas the |3-peak 
due to the local motion or twisting of the side groups 

connected to main chain. On doping with iodine, both 
un-polarized and polarized films exhibited TSD currents . This 
is attributed to the formation of charge complexes. 

Mahendru et al [216] studied TSD currents in polyvinyl 
acetate thin films as a function of polarizing field (0-9 
kv/cm) and thickness (1000-7000 A°) .They reported three peaks 
at 326, 389 and 468K> The peaks at 326 and 389K were 
attributed to the motion of the side groups and the 
of the dipoles of the main polymer chain 
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orientation 


respectively, whereas the peak at 368K was related to the 
relaxation process which was due to the release of the trapped 
space charges. 

Mahendru et al [217] studied electret effects in 
polyvinyl fluoride thin films. They observed only one peak in 
the TSDC spectra. The results of these studies were explained 
in terms of the disorientation of dipoles and/or the migration 
of charges over microscopic distances with trapping. 

Thermally stimulated discharge currents from 
polyacrylonitrile were studied by Comstock et al [218]. 
Electrically polarized films of stretched and unstretched 
polyacrylonitrile were studied with the thermally stimulated 
discharge technique. Preferential orientation of nitrile side 
groups in polarized specimens was inferred from birefrigence 
and X-ray diffraction experiments but the contribution of 
observed persistent electrical polarization appeared to be 
small. The major contribution was found to be due to trapped 
space charges, some of which was found to be due to trapped 
space charges, some part of which was associated with residual 
solvent molecules. Small ordered regions within 
polyacrylonitrile were expected to play a role in development 
of each contribution to the final persistent electrical 
polarization. 

Thermostimulated currents from polychlorotrif luoro- 
ethylene electrets were studied by Labour and Murphy [219]. 
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Thermos timulated current profiles were obtained for electrets 
of chlorotrif luoroethylene poled under various conditions of 
field strengths, temperature and electrode contact. The 
principal current peak was located at 145 G for electrets 
poled at an elevated temperature (100-178 C) and at 125 C for 
electrets poled at room temperature (20 C) . Increase in the 
poling field from 3 to 300 kv/cm produced continuous 
variations in the discharge current profile consistent with a 
transition from hetero-charge to homo-charge. Both 
hetero-charge and homo-charge appeared to be released 
simultaneously at the principal current peak. Similar curves 
were obtained for samples poled with corona. 

Studies on electron traps in polyethylene terephthalate 
by thermally stimulated current and photostimulated detrapping 
current analysis was made by Takai et al [220]. A broad peak 
of TSDC was observed around 100 G at which the motion of the 
COO group was released and a plateau was observed around 0 G. 
The apparent activation energy of t** former peak was 
estimated to be about 0.23 eV by the partial heating 
technique . On the other hand, TSDG spectra at 185 G showed an 
existence of deep traps at 2.3 eV, which could be thermally 
cleaned by heating only upto 70 G. These facts clearly showed 
the effect of molecular motions on the carrier detrapping 
process during heating. 

Thermally stimulated depolarization studies of PVG 
polymer electrets were made by Talwar and Sharma [221]. 
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Thermally stimulated depolarization (TSDC) of polyvinyl 
chloride thermoelectrets prepared at polarizing temperatures 
of 80, 100 and 120 C with field strengths of 10, 12.5 and 14 
kV/cm was studied. A sharp peak appeared at 97 C and was 
associated with the activation energy of the trap at a depth 
of a 0 .44 ± 0 . 03 eV. 

Miyairi and Yanagisawa [222] studied thermally stimulated 
current in polyethylene terephthalate in the high temperature 
region. Electrical conduction in polyethylene terephthalate 
(PET) at high temperature was dominated by ionic process. 

Thermally stimulated depolarization current (TSDC) of 
polypyromellitimide was measured by Tanaka et al [223] in 
order to obtain knowledge of the charging and discharging 
mechanisms of carriers in polypyromellitimide. Two peaks were 
observed one at 173 C (ex) and the other at 50 C (/9) in the 
dried film. The /3 peak was attributed to dipole orientation 
polarization. The cx-peak showed non-linear dependence on 
polarization electric field E^. The peak showed electrode 
material dependence. The a-peak was considered to be due to 
space charge polarization due to trapping of electrons 
injected from the cathode in the vicinity of the polymer film 
surface . 

Kojima and Maeda [ 224 ] studied thermally stimulated 
currents from polyethylene terephthalate due to injected 
charges. Thermally stimulated currents from polyethylene 


136 


terephthalate (PET) electrets was investigated in the 
tempe I. a t Hire irange fi.oiTi 190 to +120 C. Both dependence of TSC 
on electrode metals (Au, Al) and the polarity of an applied 
field were remarkable in the temperature range above -40 C. 
The results indicated that electrons injected from the Al 
cathode greatly contributed to the TSC above -40 C and that 
the TSCs below -40 C for Al electrode and at all temperatures 
for Au electrodes were mainly induced by the depolarization of 
dipoles . 

Bhargava and Srivastava [225] investigated thermally 
stimulated discharge currents inpolystyrene thin films grown 
by the solution growth technique. Films in the thickness range 
(2000-10000 A°) were polarised at 130 C under the influence of 
different field strengths (2-10 kv/cm) . Two relaxation peaks 
were observed at 77 C and 112 C. The occurrence of 112 C peak 
was explained in terms of space charge injection from 
electrode and ionic effect. The occurrence of 77 G peak was 
shown to be due to release of trapped charges due to local 
movements of polystyrene molecular chains. 

TSDC Study of pyrene picrate charge transfer complex ms 
made by Srivastava and Mathur' [226 ]. They observed two peaks. 
The first peak was attributed to bulk polarization whereas the 
second peak due to Maxwell -Wagner charging. Iqbal and Hogarth 
[227] studied the trap depth in evaporated polypropylene from 
measurements of thermally stimulated currents . The occurrence 
of thermally stimulated currents in thin evaporated films of 


polypropylene was demonstrated and an analysis of the curve 
gave an electron trap depth of 0.33 eV to this material. 

Jain et al [228] studied the charge storage properties in 
solution-grown polyvinyl butyral (PVB) thin films as a 
function of poling field (2.50 X lo"^ - 2.00 X 10® V/m) , 
temperature (333-398 K) , time (5.40 X 10^ - 1 . 44 X lo'^ sec) , 
thickness of the films (0.8-4. 5 pm) and heating rates of 
depolarization (2.8-10 K/min) by the TSDC technique . Two 
relaxation processes one at 347K and the other at 423K were 
observed having activation energies of 0.36±0.02 eV and 
0.66±0.02 eV respectively. The peak at 347K was found to be 
due to the deorientation of the aligned dipoles involving the 
acetate/hydroxyl groups. The peak at 423K was attributed to 
the release of trapped electrons/holes. The increase in the ; 
activation energy associated with the peak at 423K and the 
shift in its position towards higher temperatures with 
increase in the poling time and temperature suggested that the 
peak was associated with a distribution of relaxation times. 

Srivastava et al [229] studied electrical polarization in 
polystyrene films of thickness 20 pm by measuring the TSDC at 
different polarizing fields, temperatures and heating rates. 

One peak was observed at 105 C which was unaltered by a change 
in the field. The occurrence of peak was due to a mechanism ' 
involving dipole orientation process. 
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Narasiraha Rao and Narsingh Das [230] studied the TSDC in 

polyacrylic acid polymer films. Polyacrylic acid films of 

thickness 15 uni were grown by the solution growth technique. 

Thermally stimulated dishcarge currents (TSDC) were studied on 

these polymer films as a function of polarizing field strength 

and polarizing temperature at a constant heating rate of 0.08 
- 1 

KS . In all these studies, one TSDC peak was observed and the 
temperature corresponding to this peak was found to shift to 
higher temperatures as the polarizing temperature increases. 
But for given polarizing temperature, the temperature 
corresponding to the peak was independent of polarizing field 
strength. The activation energies and relaxation parameters 

were evaluated. The origin of the TSDC was attributed to the 
dipolar orientation process. 

Narasimha Rao and Kalpalatha [231] studied thermally 
stimulated discharge currents in polyvinyl pyrrolidone polymer 
films. Polyvinyl pyrrolidone films of thickness 17.6 um were 
grown by the isothermal solution growth technique . Thermally 
stimulated discharge currents were studied on thse films as a 
function of polarizing field strength and polarizing 

temperature at a constant heating rate of 0.15 KS . In all 

these studies only one TSDC peak was observed and it was 

attributed to the space charge process . 

Verma and Sinha [232] studied TSDC in bakeline 
(polyphenol formaldehyde) thermoelectrets . a and 13 peaks were 
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obtained for different poling temperatures and fields. Dou-Yol 
Kang et al [233] studied TSC in polypyromellitimide 

• They observed three peaks A, B and C. The C peak 
was shown to be due to the polarization of ionic space charge 
which was measured as a function of forming time, forming 
temperature, forming voltage. Chand and Kumar [234] studied 
the effect of doping on TSD relaxation in polyvinyl idene 
fluoride (PVF 2 ) films. TSD spectra of both pure and methylene 
blue dye doped PVF 2 showed two relaxation peaks, 

however, in the latter case the peak positions, peak currents 
and charges depend strongly on the concentration of the 
dopant. TSC peaks in undoped poly (p-phenylene vinylene) were 
observed by Onoda et al [235]. Akuetey and Hirch [236] 
reported TSD and TSC measurements of PVK films over the 
temperature range 85-530K. The only peak reported was found to 
lie at 250K and the corresponding activation energy was 

deduced to be 0.55+0.05 eV. Thermally stimulated 

depolarization current (TSDC) spectra of polychlorotrif luoro- 
ethylene with relatively low crystallinity were studied by 
Shimizu and Nakayama [237]. These TSDC peaks were observed in 
the range of 85 to 400K. 

Narasimha Rao and Subba Rao [238] studied the thermally 

stimulated depolarization currents in polyacrylamide polymer 

' ' ■ ' ' 5 - 1 

films between polarizing field strengths 0.48 X 10 Vm to 
24.1 X 10^ Vm’^ and temperature range from 305 to 368K for 
different heating rates and polarizing times. The spectra 
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showed only one peak at low polarization temperatures whereas 
two peaks at high polarization temperatures. The origin of 
first TSDC peak was attributed to the dipolar orientation and 
peak II was attributed to the space charge polarization with 
the injection of charge carriers from the electrode and 
subsequent trapping and detrapping. 

3.15 DIELECTRIC MEASUREMENTS 

The dielectric behaviour of polymeric films is of direct 
interest to both the basic studies of electrical conduction 
through such films and their application in capacitors for 
micro - electronics . To obtain high values of capacitance, the 
dielectric constant should be high and the thickness be small. 
Due to the difficulty of obtaining structurally continuous and 
stabl ultra- thin films, capacitor applications are generally 
limited to thick films. 

The evaluation of dielectric properties of insulator 
films is carried out by measuring simultaneously the 
capacitance and the dissipation factor over a wide range of 
frequencies and temperatures. As all the other electrical 
parameters of dielectrics, the permittivity depends on the 
changeable external factors such as the frequency of voltage 
application, temperature, pressure, humidity, etc. In a number 
of cases these dependences are of great practical importance. 
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Lees has been reported on dielectric properties o£ PVP 

and it seems to carry out further investigations to understand 

the dielectric behaviour of the polymer. This chapter reports 

on capacitance and dielectric loss factor of pure PVP films as 

a function of temperature and frequency. Besides basic types 

of polarization [239-242] like electronic, ionic, dipolar, 

migrational polarization plays a dominant role in polymeric 

materials. Electronic polarization is present in all types of 

dielectrics. It occurs almost instantaneously. Relaxation time 

of this polarization is 10 sec. Ionic polarization is the 

mutual displacement of ions forming a hetero polar (ionic) 

molecule. The time required for it is also short but longer 

-13 

than that of electronic polarization (10 sec). Both 

electronic and ionic polarizations are fast and do not entail | 

dielectric losses . The third type, i.e., dipolar polarization i 

is exhibited by polar dielectrics. In the absence of an 

electric field, the dipoles are randomly distributed. Electric ! 

' ■ il 

field introduces certain orderlines in their positions. 

Orientational polarization belongs to slow or relaxation type j 

-12 

of polarization. The relaxation time may vary from 10 sec 
to tends of seconds depending upon the size of the molecules ' 
and viscosity of the medium. Dipole polarization dissipates 
electric energy which is transformed into heat in a : 
dielectric. Migrational polarization arises due to the 
inhomogeneity in the electrical properties of a dielectric. I 
The formation of space charges in a dielectric under the 


action of an external field and other causes which initiate 
the redistribution of charges with time are some of the 
factors responsible for introducing inhomogeneities. It is 
also called interfacial polarization and arises only when c-cr 

'X' nU; 

* ^2^1' permittivity and conductivity of 
the first phase and so on. The accumulation of charges at the 
interfaces requires flow of current through the dielectric 
phases which may require seconds, minutes or even hours 
depending upon the relative values of e and cr of two phases. 
Because of very high relaxation time, this type of 
polarization does not appear in dielectric measurements. It 
also involves dissipation of energy. The dielectric losses in 
polymers are convolution of two effects, viz., the presence of 
dipoles which get coupled to the electric field and suitable 
thermal motion in the polymer to give rise to a dispersion. 
The polar group includes polymer like polyvinyl chloride, 
polyacrynitrites, polyvinyl acetate. 

3.16 EFFECT OF FORMING PARAMETERS 

The properties markedly depend on the forming 
parameters, i.e., temperature, frequency of operation and 
impurity, etc. 

3.16-1 TEMPERATURE 

Temperature affects the dielectric properties by 
decreasing the number of polarized ions per unit volume due to 
thermal expansion. Expansion of lattice results in increase of 
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the polarizability [243]. At constant volume, macroscopic 
polarizability depends upon the temperature, Debye's equation 
[244] for dielectric is ; 



(3.54) 


where N - Number of molecules per cc, - Polarizability of 
the molecule, ii - Permanent electric dipole moment of the 
molecule. 


In case of polar polymers dielectric constant is 
temperature dependent [245]. Effect of temperature, frequency 
on organic material have been studied by many workers 
[246,247] . 


3.16-2 FREQUENCY 

Dielectric losses depend on a wide range of frequencies. 
In case of polar substances dielectric constant changes at a 
characteristic frequency when a dielectric substance is 
subjected to an alternating field. Complex dielectric constant 
c" is represented by : 

c" = e' - ie" ... (3.55) 
where c" is a real part (observed dielectric constant) and c' 
is imaginary part called dielectric loss : 

tan 6 = ... (3.56) 
where 6 is the phase angle between displacement and field, 
tan 6 is termed as loss tangent. 
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and the magnitude of dielectric dispersion 
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Cq = static permittivity, 

=: optical or high frequency permittivity 
W = angular frequency of applied field 
where, 

Cq « zero frequency permittivity 

= optical or high frequency permittivity 
X = relaxation time 
w = angular frequency 
7) - concentration of dipoles 

IJi = dipole moment 

and q = parameter relating to dipole interaction. 


Equation 


( c - c ) wT 

O 00 

’ I 2„2 
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shows that the loss approaches zero for both small 

values of Wx, while it is maximum for Wmx = 1 or 

: 1 

• X = 


W 


ra 


Hence, the maximum loss 
ra" 


- e 

O 00 


and maximum permittivity 


m' 


+ e 

O 00 


fol lowing 

... (3.57) 

. . (3.58) 


. . . (3.59) 

and large 


.. (3.60) 

.. (3.61) 
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The polymers do not follow the Debye's equation. They 
show a broader dispersion curve and lower maximum loss than 
would be expected from eq. (3.59) and (3.61)/ respectively. 
Cole -Cole [248] pointed out that this anomaly arises due to 
the fact that the long chain molecular compounds do not have a 
single relaxation time. On the contrary their relaxation times 
are distributed within certain minimum and maximum limits. 
Physically it can be visualized as follows [249]. Every 
molecular dipole in a given chain is coupled to neighbouring 
dipoles of the same chain by primary valence bonds so that the 
motion of any dipole affects the motion of its neighbours and 
they in turn influence its response to a torque. Furthermore, 
in the various configurations which a chain molecule can 
assume, we can find one or another segment of chain acting 
effectively, as a co-operative electrical unit and these 
segments will, of course, vary in length between the 
improbable extremes of a single monomeric unit and the whole 
extended chain. Such a statue of affair leads to distribution 
of relaxation time. Nevertheless, it is still possible for 
most purposes to consider that the practical situation is 
represented by a composite single relaxation time. 

3.16-3 IMPURITY 

Impregnating of polymer with impurity affects the 
dielectric constant and losses as well. Previously Tiwari 
[250] and Kulshreshtha [251] have also reported changes in 
capacitance and losses values. 
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3.17 LAST DECADE’S WORK ON DIELECTRIC MEASUREMENTS 

Relaxation mechanism of number of polar, non-polar 
polymers and organic compounds have been reported. Low 
temperature relaxation behaviour of polyethylene and related 
hydrocarbon polymers have been reported by Phillips [252] and 
Thomos [253]. Dielectric relaxation behaviour of poly 
vinylidene fluoride (PVDF) [254,255], poly methacrylates 
(PMMA) [256,257] have also been reported. Reported work/papers 
are also available on poly chlorotrif luoro ethylene [258] and 
polyacrylonitrile [259]. Co-polymers have also been 
investigated in past years. Reports are available on 
acrylonitrile [259], acrylonitrile butadiene [260] and 
polymethyl trifluoro propyl siloxane [261]. In the literature, 
the subject has been discussed [262-264]. 

Reports are available on Xanthene [265], parachloro 
aniline [266], and Anthraquinone [267]. Field is also one of 
the important parameters, particularly in case of polar 
polymers. Chatterji and Bhadra [268], McMohan [269], Elgard 
[270] and others [271,272] have observed isotropic increase in 
dielectric constant with field but no satisfactory 
interpretation has been given. for this effect so far. 

3.18 PRESENT INVESTIGATION 

^ ^ ^ ^ the present investigtion, attention has been paid to 

lower frequencies and temperature range (30-210°C) . Frequency 
range selected is from 500 Hz to 30 kHz. 
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The present investigation is intended to get an insight 
into various molecular relaxation processes which occur in 
polyvinyl pyrrolidone under the influence of alternating 
field. This chapter describes the permittivity and loss 
variation of PVP as a function of frequency and temperature. 

The following procedure was adopted to measure the 
complex dielectric constant as a function of frequency and 
temperature. The temperature of the specimen was recorded with 
the help of a fine copper -const antan thermocouple placed close 
to the sample. A direct reading potentiometer was used for the 
determination of thermo e.m.f. Before starting the 
measurements the sample was allowed to attain the equilibrium 
temperature for a sufficiently long time. The oscillator was 
set for the desired frequency and the null detector was tuned 
to it. The bridge balance was done by repeated adjustment of 
capacity selector, capacity and dissipation knobs till the 
null detector indicated the least deflection. The oscillator 
was then set for the next frequency and the bridge was 
balanced in a similar manner. After covering the entire 
frequency range, the temperature was changed and the 
measurements were repeated over the entire frequency range and 
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CHAPTER IV 


THERMALLY STIMULATED 
DISCHARGE CURRENT STUDIES 

IN PURE 

POLYVINYL PYRROLIDONE 

(PVP) 

FOIL ELECTRETS 


4.1 INTRODUCTION 


Non- isothermal dielectric relaxation of a polymer 
exliibit a npectacular relaxation phonoineuon which in due to 
hindrance of the motions of the permanent dipoles and free 
charges of the polymer by frictional forces and since internal 
friction depends exponentially on temperature, the response 
time Tq of permanent dipoles and free charges changes markedly 
with temperature. This response time gets accelerated by 
heating the polymer. This brought the idea of thermally 
stimulating the discharge of the sample and thus performing 
the decay experiment within a reasonable time. This new 
method, first proposed by Frei and Groetzinger [1], is 
commonly known as thermally stimulated discharge current 
(TSDC) technique and consists in slowly heating the electric 
between two electrodes, connected to a sensitive electrometer 
that measures the ensuing current. 

This TSDC technique has been extensively practised by 
many workers of electrets, previously the temperature rise was 
not programmed since their interest lay chiefly in ultimate 
charge released. Later on, VonAltheim [2] pointed out that the 
charge release is controlled by molecular motions which depend 
strongly on temperature. For this reason, Bucci et al [3] 
advocated the linear rise of temperature, say 3°C ‘per 
minute. In this modified form, the technique has made 
encouraging progress and has heighten the status of electret . 


A wide literature [4-15] is available on TSDC in 
polymers. The technique has been widely used in the study of 
trapping parameters in luminescent and photo- conducting 
materials. Lilly et al . [16] investigated TSDC in mylar and 
teflon. Stupp and Carr [17] suggested an ironic origin for 
high temperature discharge currents in poly acrylic nitrile. 
Quillet and Seytre [18] conducted a detailed study of the 
complex relaxation modes observed in poly-L-proline, Takeda 
and Naito [19] studied temperature change of dielectric 
constant of polystyrene using TSDC measurement. TSDC in corono 
charged polymers have been investigated by Perlman [9] and 
those in electron beam irradiatedd, polymers have been 
investigated by Sessler [20]. Ong and Turnhout have concluded 
in favour of the existence of a continuous distribution of 
relaxation times. Recently, similar conclusions have been 
inferred by Fischer and Rohl [21] and Hino [22] from studies 
on secondary peak of polyethylene and polyethylene 
terephthalate respectively. Chaitan et al. [5], however, have 
found in polyamides that the low temperature peaks could 
generally be decomposed in several discrete Debye processes. 

It has been shown by theoretical argument and by 
experiment [23] that only in the case of a first order 
kinetics, polarization do the TSDC peaks occur invariably at a 
fixed temperature. Otherwise their position is shifting in a 
chax'acter istic way with changing initial polarization. In the 
case of a, space charge release, for example, the maximum 


temperature is increasing with polarization temperature and 
polarization time. Thus, peak position data for varying 
polarization conditions allow one to decide in particular 
whether a peak is due to a first order depolarization process, 
e.g. complex reorientation or to the release of a space 
charge. 

TSDC of polar materials [24] shows several bands or 
peaks. This indicates that the depolarization is realized by 
several different processes. Two such processes are well 
known, the relaxation of aligned dipoles and the relaxation of 
a space charge caused by mobile carriers accumulated at the 
electrodes. But there are still other processes which cause 
TSDC peaks and have not yet been identified. It is one of the 
fundamental problems of any TSDC investigation to relate the 
observed peaks to specific depolarization processes. TSC peak 
may be characterized by the maximum positions, the magnitude 
of the peak is eventually a measure of the number of defects 
causing the polarization. The determination of activation is a 
delicate task if the peaks overlap too much, possible no 
meaningful value can be obtained at all. Dependence of peak 
position on initial polarization provides information on the 
depolarization processes. 

TSDC spectra are unique to the material under study. 
They are finger prints of them and are sensitive to 
impurities, additives, discharges, humidity, i.e. to any 
chemical or morphological change. They provide, a sensitive 



analytical tool that could be used to guide the production of 
materials wich fixed electrical properties. TSC is an 
electrical spectroscopy and have practical application to 
electrical quality control. Recently, several workers [25,26] 
have used TSC technique to investigate changes produced in 
polymers due to doping of them with suitable impurities . Gupta 
and Tyagi [25] doped polyvinyl fluoride with rhodamine, 
alizarine, dichlorof luorescein and iodine and utilized TSC to 
find out the changes produced by doping. Srivastava et al, 
have reported relaxation parameters by doping polystyrene with 
copper -phthalocyanine, ferrocene, anthracene, pyrene, iodine 
and chloranil [26], 

Mahendru et al . [27] have reported TSDC in PVAc films. 
They observed three TSC peaks at 53, 116 and 195°C and studied 
the effect of film thickness on TSDC spectra of PVAc. The 53°C 
peak was found to grow slightly with thickness. The magnitude 
of 116°C peak was observed to increase with film thickness and 
195°C remained uninfluenced with the thickness. Total charge 
under all the three peaks grew linearly with the film 
thickness which led them to conclude uniform volume 
polarization in PVAc. Effect of iodine doping on TSDC spectra 
of PVAc has been considered by Mahendru et al . [28]. 

4.2 SURVEY OF THE MECHANISM RESPONSIBLE FOR TSDC 

The processes taking place during TSD are similar to 
those occurring during sample formation and so all the 


processes which occur during eiectret formatiou are also 
expected to take place in TSDC. 

The net charg or the sample usually arises from aligned 
dipoles and space charges of which the later are called excess 
charges. However, before electret formation, the neutral 
polymer already contained free charges; they manifest 
themselves in a conduction current when forming field is 
applied. So in addition to excess charges there must be 
equilibrium charges in the sample which do not contribute to 
its net charge but are responsible for its ohmic conductivity 
[ 29 ]. 

The decay of the net charge of an electret and its 
consequence manifestation as TSD will result from dipole 
reorientation, excess-charge motion and ohmic conduction. The 
decay of each of them should give rise to a TSD peak, because 
of the temperature activated mobilities. Initially, as the 
temperature increases, the thermal agitation will reorient the 
dipoles in the side group of the polymers and will manifest to 
give a current maximum at lower temperature but as the 
temperature further increases, reorientation of the main chain 
segments also starts together with that of side chain and 
causes the appearance of second peak near the glass transition 
temperature. At the temperature above than the glass 
transition,, conformational motion of macromolecules start 
which leads to motion of excess charges and cause the third 
current peak. Therefore, current maximum due to dipole 


reorientation occurs at a lower temperature than that of 
excess charge motion because the first process requires only a 
rotational motion of molecular groups, whereas the latter 
process involves a motion of molecular groups over a 
macroscopic distances [ 29 ]. 

4.3 METHODS TO UNRAVEL THE VARIOUS DECAY PROCESSES 

TSDC of a polymer depends on its properties, the forming 
conditions and effect of different electrode materials. 

4.3-'l CHOICE OF POLYMERS FOR TSDC 

By the choice of polymer we can charge, in particular 
the dipole contribution and the ohmic conduction. There are 
two obvious choices, viz. polar and non-polar polymers . When 
the polymer is polar, we will have a dipole reorientation, 
whereas in a non polar polymer we will have none. Moreover, 
non-polar polymers show high ohmic conduction, since this 
arises partly from the absorbed water, which may amount to few 
percent in polar materials, the high polarity will also 
enhance the formation of free carriers by facilitating the 
dislocation of impurities. Consequently, in polar polymers we 
might expect storage of dipoles and excess cliarges. Their high 
concentration often enables the excess charges. Their high 
concentration often enables the excess charges to contribute 
discernibly to the TSDC of shorted electrets, unnoticd by 
ohmic conduction. In the present study we have taken polar 
material, polyvinyl 'pyrrolidone (PVP) . 


The dependence of TSD on the forming conditions and 
different electrode materials have already been given in 
Chapter 3. 

4.4 EXPERIMENTAL DETAILS 

The isothermal immersion technique was utilized for 
preparing thin films of polyvinyl pyrrolidone (PVP) . The 
solution was prepared in a glass beaker by first dissolving 
2.4 gm PVP in 3 0 ml of chemically pure chloroform at room 
temperature and continuously stirred for 60 min by means of a 
teflon coated magnetic stirrer. Thereafter, it was stirred and 
heated to 50°C to yield a homogeneous solution. The glass 
beaker containing the solution was then immersed in a constant 
temperature oil bath. Films were cost on to a metal coated 
microscopic glass slides by isothermal immersion technique. 
Vacuum coated electrodes were used in the present study. For 
sandwich structure (Al-PVP-Al/Cu/Ag/Sn) in the films, lower 
electrode was deposited on optically plane glass slide and 
then it was suspended vertically for 20 min. in the glass 
beaker, containing polymer solution of desired concentration. 
Later these films were kept in an oven at 45°C for 24 hrs to 
remove all the traces of solvent. This was followed by room 
temperature outgassing at 10 torr for a further period of 
24 hrs. .After the film deposition on lower electrode, the 
glass lide with the polymer film on it, was wrapped in an 
aluminium mask having a window of 1.33 cm . When exposed to 

170 . 


metal in vacuum, the metal was deposited on the polymer films, 
thus a sample in the sandwich structure of area 1.33 cm^ was 
obtained. The deposition of electrode was done by vacuum 

coating unit, supplied by M/s Hind High Vacuum Co. Ltd., 

Bangalore . 

The thickness of the samples was determined by measuring 
its capacitance at 10 kHz using a dielectric constant e = 3. 
Different steps for the preparation of thermoelectret are as 
follows : 

(i) The sample is heated to the desired polarizing 

temperatures (T ) , 

(ii) It is kept at T^ for some time to reach 

temperature equilibrium, 

(iii) Then an electric field is applied at T^ and kept 
on for a period of polarizing time t, and 

(iv) It is cooled under the field application to room 
temperature (or below) . The field is then removed. 

In the present investigation, the samples are thermally 
polarized with fields of 5, 10, 25, 50, 75 and 100 kV/cm at 

temperatures 40, 50, 60, 70 and 80°C respectively. The field 

was applied with the help of a power supply (EC-4800D) and the 
current was recorded by a sensitive electrometer (Keithley 


6000 . 


4.5 RESULTS AND DISCUSSION 


The TSDC thermograms of pure PVP foil electrets formed 

by incorporating for similar Al-Al configuration are shown in 

Figs. 4.1 to 4.5 for various polarizing fields E (=5, 10, 

P 

25, 50, 75 and 100 kV/cm) at instant polarising temperature 
T . The value of T taken are 40, 50, 60, 70 and 80°C. PVP 

XT ir 

film of about 20 pm in thickness is employed and the samples 
are heated at the rate of 3°C per minute. Each thermogram show 
the effect of various polarising fields at a particular 
constant temperature. It can be seen that there appear two 
distinct current peaks which occur at temperatures 90 and 
170 + 5°C and designated as a and p peaks, respectively. There 
is no appreciable shift in the positions of two peaks for 
various polarizing fields (In reality, there is small shift 
both ways, right and left, which is due change in the relative 
magnitudes of the various peaks as the polarizing field 
increases) . For the p peak, the current is higher than for a 
peak. The height of current peaks is found to rise in 

magnitude with the increase in polarizing field. 

The TSDC thermograms of pure PVP foil electrets for 

Other similar Ag-Ag systems are shown in Figs. 4.6 to 4.8 for 

various polarizing fields as mentioned above at constant 

temperature T . The values of T taken are 40 , 60 and 80 C. 
Film thickness and heating rate used here is the same as in 
Al-Al system. All the curves show three distinct current peaks 
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which occur at temperatures 95+5; 170+10; 200+5°C and 

designated as a, p and p' peaks, respectively. The a and p 
peaks have been found in a similar manner as observed in Al-Al 
system whereas, an additional peak p' has been found in a 
direction which is opposite to both the peaks. There is no 
shift in the position of three peaks for different polarizing 
fields. For the p peak, the current is higher than for a peak, 
whereas for the p' peak, the current is higher than for a peak 
and lower than p peak but in opposite direction. The height of 
the current peaks is found to increase in magnitude with the 
increase in polarizing fields. A similar type of behaviour is 
also observed for Cu-Cu system shown in Figs. 4.9 to 4.11 and 
for Sn-Sn configuration, shown in Figs. 4.12 to 4.14 for the 
same polarising fields and temperature under identical 
conditions . 

The TSDC thermograms of pure PVP foil electrets for 

dissimilar electrode system Al-Ag configuration are shown in 

Figs. 4.15 to 4.17 for same polarizing fields Ep as used in 

similar electrode system at constant temperature Tp . The value 

of T are 40*^' 60° and 80°e. All the thermograms show similar 

P 

behaviour as observed in Ag-Ag, Gu-Cu and Sn-Sn systems except 
that in Al-Ag dissimilar electrode system, for the p'-peak, 
the current becomes higher than for a and p peaks. Here also, 
the height of current peaks is found to increase in magnitude 
with the increase in polarising fields. A similar type of 
behaviour is seen for other dissimilar electrode combinations. 
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Fig. 4.16 Effect of various, polarising fields on TSDC thermograms, of ( 20 pm thick 
samples poled at given temperature with Al-Ag system. 
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The depolarization kinetic data, i.e. activation energy, 
chains® released and relaxation times for the observed peaks 
have been calculated using initial rise method of Garlick and 


Gibson and Bucci et al described earlier in theoretical 


chapter initial rise plots of Garlic and Gibson are shown in 


Tables 4.1 to 4.23 


Figs. 4.24 to 4.65 show the effect of different 


are prepared for different polarising 


polarising field Ep. The values of Ep taken are 5, 10, 25, 50, 
75 and 100 kV/cin for different electrodeo configurations. Film 
thickness is 20 urn and heating rate of 3°C per minute is used. 
Figs, 4.24 to 4.29 are for Al-Al system. All the thermograms 
show two distinct peaks which occur at temperatures 90 and 
170 + 5*^C and 2 00°C designated as a, p and p' peaks . There is 
almost no shift in the position of two peaks with different 
polarising temperatures. For the p peak, the depolarising 
A r- vrirTVioT- t-Vian -Fm" n/ naak . The heicrht of the current 


found to first rise, as we increase the polarising 
ire T from 40 to 60^C and then decreases, with the 
increase in T . Both the peaks behave in similar 
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Table 4.1 : Depolarization kinetic data for PVP samples poled at 40°C with various polarizing 




































































Table 4.2 : Depolarization kinetic data for PVP samples poled at 50°C with various polarizing 
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Table 4,7 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 20 |im. 































































Table 4.8 ; Depolan 
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Table 4.15 : Depolarization kinetic data for PVP samples poled at 40°C with various polarizing fields. Sample thickness 20 







































































































































































Table 4.17 : Depoiarization kinetic data for PVP samples poled at 80°C with various polarizing fields. Sample thickness 20 pm. 






































































































































































O 

04 

</) 

CP 

c 

o 


a 

E 

m 

m 



D) 

c 


J 3 

o 

a 

(/) 

3 

.2 

CQ 

> 

JZ 


o e 

O ^ 

CD 's; 
^ ' >» 
w ST 

-o 3 

J 2 Q 
o T 
a ;3P 
m 
j 2 
a 

E 

«o 

(A 



o> 


J) 

(Q 

H 



T3 

ft s 

§ 

Id 

7 

o 

'*f ■ ■■■ 

o 

o 

■o 

o 


52 CD 

^ DC 

*5 

o 

X 

N, 

CO 

X 

CO 

CD 

X 

q 

X 

CM 

X 

q 

ir“ 

X 

Tf 


o 

CO 

CD 

00 

CD 

o> 

IT- 


c 

o 

•5 <D 

fO X 

X £ 

J2 ‘<s 

o 

TO 

to 

o 

Y- 

X 

CD 


b 

r- 

X 

CM 

in 

O 

T” 

X 

CO 

c- 

CO 

o 

X 

00 

•M” 

fs. 

o 

'T- 

X 

CD 

CD 


<3) 

oc 

</) 

CD 



CD 

cd 










m 

C 








D 

o >» 








a. 

U2 D) 


in 

a> 

Y-** 

CD 


C3> 

1 

nj u 

> 

00 

CO 

CD 

CD 

o 

O 

"cl 

C 

O UJ 


CO 

d 

00 

cri 

CO 

CO 

00 

d 

q 

d 

CD 

d 


< 









^ Ql 
TO C 
<D C 

P 

o 

to 

O 

ID 

o 

o 


o 


O 

0> 

o 

o 




CM 


CM 


CM 

CM 


4>< 


? 







^ *- 
!? £ 

a 

o 

o 

o 

o 

O 

o 


p 


T- 

t— 



nr- 


o c 

CL 3 

-3 


o 


X 

o 

X 

q 

W 


O 



CM 

O') 

to 

CM 


o -g 

a 





fj. 

1 


D) S 


o 

o 

o 

O 

o 

'O 


*2 ro 



T“ 






2 0) 
5| 

□ ■ 
o 

X 

s 


X 

XT 


ID 


o 

r--‘ 

O) 


CM 


Kl 


c 


'“o 







.2 


"b 

'a 

b 

b 

b 




T— 

T~ 

r-" 

■r” 


T« 


S .i 

o 

X 

CD 

X 

X 

CD 


X 

CO 

X 

§ 



TO 


lO 

N 

O) 

|v 


(1) 

oc 

to 


lO 

00 

oc) 

cd 

<D 

(Q 









<L 

c 

■2 g; 

TO >>- 

9 

N 

T- 

CO 

CM 

■M- 

CM 

in 

CM 


rv 

> TO 

TO 

CD 

CD 

CD 

CO 

CD 

CD 


■§ iS 


CD 

d 

d 

d 

d 

d 


< 









d 

TO c 

(D C 

o 

S8 

8 

ID 

CD 

s 

ID 

CD 

ID 

<D 


^•2! 


t“ 

’T- 

■r- 


r“ 

IT" 


Peak 

current 

1 

O' 

b 

r- 

X 

o 

c4 

o 

L 

X 

q 

CO 

b 

T- 

X 

o 

ID 

o 

b 

T' 

X 

o 

cd 

“b 

cd 

o 

q 

r** 



. 


o> 

00 

CD 

oo 



ft TO 
0> (A 

o 

O 

O 

o 

O 

o 



o 





‘r* 


ra S 

3 

o 

X 

h- 

s 

CO 

X 

00 

K 

(O 

q 

X 

8 

1 


o 


CD 

Csi 

xT 

to 

K 


C 


to 

iT) 

<0 

CO 

m 

u> 




o 

o 

O 

■ O 

O 

O 


IS TO 


T” 

■T” 

T~ 

r~ 




TO c 

K E 

***^ 

X 

X 

X 

X 

X 

X 


o 

00 

00 

CD 

CO 

c-. 

CO 


TO ^ 

TO 

00 

00 

to 

CO 

XJ* 

CD 


TO 

to 

xt 

CD 

CM 

cd 

xr' 

CD 


oc 




, 













(Q 

c 








CD 

a 

S g; 

TO ^ 

> 

h- 

CD 

IV 

CM 

00 

g 

00 

CD ' 

00 

h 

OJLU 

2- 

CM 

CO 

CM 

d 

CM 

d 

CM 

d 

CM 

d' 

CM 

'■ d '■ 


< 









jc d 









TO C 

TO g 

o* 

ID 

to 

to 

ID 

to 

ID 


O'. 

CD 

O) 

CD 

:,CD 

CD / 

CD 


a. jTO 











r- ■ 



' ,o 

■ O' 

' O : 


S 

s § 

a 3 

QL ■ ^ 

b 

' b ' ■" 

b 

b 

■'b 

■■ b 


P 

'■ Y-"' 

'T" 

'' 





< 

K 

O 

X 

o 

vX 

q " 


'■ ^ " 

(0 



o 


<d 

od 

T“ 

,' T~*, , ' 


CM 

Ui 









c 









N 

2 

■■■:'■ a''' 

lO 

'O '■ 

to 

' ' Q ■ ' ' 

to 

O 

‘H 

(0 

TO 

a 

LU 

■■ o 

T-, : 

CM' 


h- 

. w . 

O 









QL 





















































































Table 4.20 : Depolarization kinetic data for PVP samples poled at 80°C with various polarizing fields. Sample thickness 20 



100 5.0x10“’° 100 0.287 5.24x10^ 6.76x10“® 2.2x10“® 160 0.603 7.59x10® 3.6x10“'’ 1.2x10“'’ 200 0.909 8.23x10’ 4.6x10“® 































































































































































Table 4.22 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 20 pm. 


















































































Table 4.23 : Depoiarization kinetic data for PVP samples poled at 80°C with various polarizing fields. Sample thickness 20 jim. 

Al-Sn system. 
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Effect of various polarising teniperatures. on 
TSDC thermograms of ( 20 pm thick ) samples 

for given field with Al-Al system. 
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fashion. Peak current is plotted against polarising field (not 
shown) and the relationship is found to be nearly linear. 



Figs. 4.32 to 4.37 show TSDC thermograms for the samples 
prepared by incorporating other similar electrode system of 
Ag-Ag for different polarising temperatures T (= 40, 60 and 

ir 

80°C) at constant polarising fields E^, The values of E^ taken 
are tiie same as for Al-Al system. The oc and p peaks have been 
found in a similar manner as observed in Al A1 system 
(Fig. 4. 24) whereas, additional current peak (p') has been 
found around 205+5°C in a direction which is opposite to both 
the peaks. There is no shift in the positions of three peaks 
for different polarising temperatures. The height of a current 
peak is almost unaffected with the increase in polarising 
temperature while for p and p' peaks, there is no systematic 
variation of current peak height with rise in A similar 
type of behaviour is also observed for Cu-Cu configuration 
shown in Figs. 4.36 to 4.41 and for Sn-Sn electrode system 
shown in Figs. 4.42 to 4.47 for the same Tp and under 
identical conditions. Different tables of depolarisation 
kinetic data show that relaxation parameters together with 
positions of current peaks varies with the rise of different 
similar electrode systems. 


^r" 


Effect of different polarising temperature is also 
observed on TSDC thermograms of PVP foil electrets for samples 
prepared using dissimilar electrode combinations. For Al-Ag 
configuration, results are shown in Figs. 4.48 to 4.53 for the 




175 


25kV/Cm 










Ep= 50 Kv/ Cm 
(Ag-Ag SY5TE 



3Aiiisod (dwv) siNsyano osi 


SYSTEM 



f various- polarising temperatures, on TSDC thermograms, of 
thick ) samples- for given field with Ag-Ag system. 




















kV/Cm 
SYSTEM ) 






tp =100 Kv / L m 
(Cu“Cu SYSTEM) 




Effect 





thick ) samples, for given field with Sn-Sn sys-tem 












kV / Cm 



aAIilSOd (dWV ) SlN3ddnO QSi 


Effect of various, polarising temperatures, on TSDC thermograms, of 
( 20 um thick ) samples for given field with Sn-Sn system. 









3AIiV93N(dWV) SiN3HynO 051 


3 Ali lSOd (cl WV) Sl NSadnO osi 


Effect of various, polarising temperatures on TSDC thermograms, of 
( 20 um thick ) samples: for given field with Sn-Sn system. 










-H 


M 

w 


0) 

rH 

H 

0 

04 

04 

§ 







Effect of various polarising temperatures on TSDC thermograms of 
20 ;am thick ) samples for given field with Al-Ag system. 
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Fig. 4.52 Effect of various polarising temperatures on 

TSDC thermograms, of (20 jam thick ) samples for gi' 
field with Al-Ag system. 
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Fig. 4.53 


Effect of various polarising temperatures on TSDC 
thermograms, of ( 20 pm thick ) samples for given 
field with Al-Ag system. 
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sain6 Ip and tp as in similar electrode system. In this case 
also, all the thermograms show three current peaks which occur 
at temperatures 75-5, 160+5, 200^5^0 and designated as a, p 
and p' peaks respectively. The nature of three peaks is found 
to be same as observed in Ag-Ag, Cu-Cu and Sn-Sn systems 
(Figs. 4.30 to 4.47). For the p peak depolarising current is 
higher than for cc peak, while for p' peak, depolarising 
current is further higher than for a and oc peaks. The height 
of all the three peaks is found to increase in magnitude with 
the increase in Tp, A similar type of behaviour is also found 
for other dissimilar electrode combination, viz. Al-Cu shown 
in Figs. 4.54 to 4.59. For Al-Sn system, TSDC thermograms are 
shwon in Figs. 4.60 to 4.65 which differ from thermograms of 
Figs. 4.48 to 4.5 9 for Al-Ag and Al-Cu system, in the sense 
that the values of p' peak current is here found to be lower 
in magnitude than that of p peak. Other behaviour is similar. 
The peak current is found to vary almost linearly with the 
polarising fields (not shown) for similar as well as 
dissimilar electrode systems. 


^ H t 


Figs. 4,66 to 4.72 exhibit the effect of film thickness 
on TSDC thermograms of PVP foil electrets for different 
electrode configurations, for samples poled at 60 C by using 
field of 100 kV/cm. All the curves show decrease in peak 
current when film thickness is increased and shifts the a peak 
by + 10°C and p peak by ± 5%^^ shift is more for a peak. 
The depolarization kinetic data for 5 pm, 25 pm thick film for 
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Fig. 4.59 Effect of various polarising temperatures, on 
TSDC thermograms of (20 ^m thick ) samples 

for given field with Al-Cu system. 


05 Ky/cm 



3AiiV93N Cdwv) siNayano asi 


3Aiiisod (dwv) siNaaano asi 







25 Kv /cm 



3AIiV93N (clWV) SiN3yan3 QSi 


3AUisoci (dHV) siNsaano asi 


Kv /cm 



3Aiiisooi (dHV) siNayyno asi 


3Aiiisoci (dwv) siNaaano asi 



3AIiV93N (dWV) SiNBaanO asi 


3Ai.Lisod (dHV) siNaaano 



CURRENTS (AMP) POSITIVE 


Ep = 100 Kv/cr 

Tp (“0 
0 40 



70 90 no 130 

TEMPERATURE (’C) 


180 190 210 220 

TEMP (“O 
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samples poled at 60°C by 100 kV/cm field are shown in Tables 
4.24 to A .21 for various electrode configurations. 

To see the effect of the nature of different metal 
electrodes used for polarisation on TSDC thermograms, samples 
are prepared under identical conditions, poled at 60°C by uing 
field of 5 kV/cm and using different metals like Al, Sn, Ag 

and Cu for which work functions are 3.38 eV, 4.09 eV, 4.31 eV 

and 4.46 eV respectively. The TSDC thermograms are shown in 
Fig. 4.73. The curve reveals that maximum polarisation in PVP 
foil electrets can be brought about by contacting the film 
with Cu-Cu configuration whereas, minimum polarisation is 
found for Al-Al system. Intermediate polarisation can be 

obtained to PVP foil electrets by forming the samples, with 
dissimilar electrode combinations. Another point to be noticed 
is that a and p peak shift towards the lower temperature, as 
the work function of the electrode material is increased. 
Shift in peak temperature with work function is more for p 
peak than a peak. However, the shape of all curves is_ 

identical. The values of E^, I^, T^ and Q for different > 
electrode sepies, are given in Tables 4.1 to 4.23. 

The electrification of the polymers takes place due to 
one or more than one of the following mechanisms operative 
simultaneously when it is subjected to dynamical, mechanical 
or thermal treatment with or without static electric fields 
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Table 4.24 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing 
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Table 4.26 : Depolarization kinetic data for PVP sampies poled at 60°C with various polarizing 

fields. Sample thickness 25 jim. AI-AI system. 





































































Table 4.27 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 25 {im. 

A!-Cu system. 





















































































Table 4.28 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 05 ^m. 

Cu-Cu system. 





































































































Table 4.29 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 25 [im. 

Cu-Cu system. 
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Table 4.31 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 25 |xm. 

Ag-Ag system. 


































































































Table 4.32 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 05 pm. 

Sn-Sn system. 















































































Table 4.33 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 25 pm. 

Sn-Sn system. 
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Table 4.35 : Depoiarization kinetic data for PVP samples poied at 60°C with various polarizing fields. Sample thickness 05 pm. 









































































Table 4.36 : Depolarization kinetic data for PVP samples poled at 60°C with various polarizing fields. Sample thickness 25 urn. 

Al-Ag system. 
















































































Table 4.37 : Depolarization kinetic data for PVP samples poled at 60°C with various oolarizinq fields. Sample thickness 25 



100 I.OxlO-"^ 70 0.303 3.78x10^ 8.87x10-* 2.2x10'® 160 0.765 9.5x10® 2.84x1 0'M 1-2x10-® 200 1.040 6.12x10 8.6x10-=^ 




(i) Space charge injected into the dielectric by 

surface breakdown betwen the dielectric and the 
electrode. 

(ii) Space charge injected from the electrodes. 

(iii) Space charge caused by migration of charge 
carriers over macroscopic distances. 

(iv) Electronic or ionic dipoles caused by migration of 
charges over microscopic distances, and 

(v) Orientation of permanent dipoles. 

Generally, polymers contain a small number of free 
charge carriers, i.e. ions, electrons or both [30]. During 
electret formation, the carriers move comparatively free in 
the direction of the applied field over microscopic distances 
before they fall into deep traps from which they can be 
released only on receiving sufficient energy. PVP is a polar 
polymer, the contribution to the polarization may be due to * 
alignment of the dipoles under the effect of the electric 
field. 

It is well established [31,32] that the two relaxation 
processes <x and p exist in bulk PVP and they have been 
attributed to the molecular motion of permanent 

dipoles/orientation of the main chains from polarised state to | 
their equilibrium state with large activation energy- The 
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process having small energy is due to relaxation of the side 
chain or small polar group from polarised state to the 
equilibrium state. An additional observed relaxation on p' 
peak process could be associated with the space charge 
polarisation [33]. 

The TSDC thermograms of PVP foil electrets show two well 
resolved peaks at 95±5°C and 175±5°C in case of Al-Al system 
in the ascending order of temperature. The first peak (a) is 
attributed to disorientation of polar side groups. The polar 
side group pyrrolidone ring in PVP has carbonyl group of 

double bond. This group is attached to the main chain with an 
amide bond. Here, the pyrrolidone group may have different 
possible orientations/rotations with re.spect to the main chain 
of the polymer and thus a distributed energy is associated 
with TSDC results. The value of activation energy (E) 
associated with this peak is found to be 0.51 eV and is 
related to disorientation of polar groups of PVP. The second 
peak (p) is associated with the primary relaxation process 

which occurred in the temperature range 175±5°C of glass- 
transition of PVP. The value of E calculated for p-peak is 

found to be of the order of 1.03 eV which suggests the 
possibility of ionic processes [34], and is related to change 
carriers of ionic nature. PVP exhibits the properties of solid 
free radical, probably at the temperature of the phase 

transition. Hence, the ionic and other charges may certainly 
be present during polarisation of the sample. In PVP the 
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different charge/ions are due to tlie presence of different 
active groups [35]. All types of dissociated ions are 

possible, including opposite charge carriers, at T . The 

9 

releasing of the carriers/ions from the polarised state seems 
to be possible at the p-peak temperature. The structure also 
gets loosened to some extent. In this way, all types of charge 
carriers/ions are released, giving rise to a peak (p) in 
higher temperature region. This is in agreement with the 
earlier finding [36]. 

The a-peak is a dipolar peak and may be attributed to 
disorientation of polar side groups. The polar side group 
moiety, pyrrolidone ring in PVP has carbonyl group of double 
bond. The group is attached to main chain with an amide bond. 
The value of activation energy associated with this peak is 
found to be nearly 0.35 eV and is related to disorientation of 
polar groups of PVP. The p-peak is associated with the primary 
relaxation process which occurred in the temperature range of 
rubber-glass transition of PVP (around 175°C) . The value of E 
calculated for this peak is found to be of the order of ‘ 
0.83 eV suggests the possibility of ionic processes. PVP 
exhibits the properties of solid free radical, probably at the 
temperature of phase transition; hence the ionic and other 
electronic charges may certainly be present during 
polarisation of the sample associated with p-peak. This agrees 
with the earlier findings [36]. 
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Due to high resistivity of polymers at temperature 
lower than T^, the mobility of the molecules/dipoles is low 
[37] so that they do not get polarised under the influence of 
applied field. Hence, a small current is observed which may be 
due to the depolarisation of some loosely bound side 
groups/ chains. While at the temperature higher than T^, the 
mobility of molecules/dipoles is high and they get polarised 
easily. 

Under the influence of electric field the irregularly 
distributed dipoles of side chains are mobilised/oriented in a 
certain direction. Thermal activation at a constant rate cause 
the release of charges due to their mobilisation giving a peak 
at the site of maximum release of charge. The increase in 
current magnitude with electric field may be attributed to the 
increase in mobility of charge carriers. 

There is a linear dependence of the released charge on 
the polarisation field strength. This relationship favours an 
uniform polarisation process. In PVP which is a polar 
material, the possibility of permanent dipole alignment cannot 
be ruled out because uniform polarisation is a characteristic 
of dipole orientation process. 

The TSDC spectra are characterised by various peaks, due 
to the dissipation of charges arising because of polarization 
during charging process. The polarisation of the material may 
arise due to various mechanisms, the important of which are 
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dipole oi ieiitat ion, charge displacement molecular and domain 
structures, tiacro/microscopic displacement of ions with 
subsequent trapping, surface and space charge polarisation, 
etc. The processes mentioned above other than the last two are 
considered always to give rise to the TSDC of polarity 
opposite to the charging current. But in the case of surface 
and space charge polarisation, TSDC of opposite or the same 
polarity that of charging current may be found depending upon 
the distribution of the space charge in the bulk of sample. If 
the zero field point in the case of space and surface charge 
polarisation is nearer to the electrode than the centre of the 
bulk, the observed current is supposed to be of the polarity 
opposite to the charging current otherwise the observed 
current will be of the same polarity as that of the charging 
current. This can be the explanation for the appearance of 
additional current peak (p' ) around 2 05+.3'^C in a direction 
opposite to both a and p peaks, in case of samples prepared by 
using similar electrodes configurations of Ag-Ag; Cu-Cu and 
Sn-Sn. Turnhout [38] and Venderschueren [39] have observed a 
similar peak. According to Perlman [40] TSDC peaks have the 
same temperature dependence, if the polarisation is uniform 
and are either due to depolarisation process or migration of 
charge carriers . The second and third peaks in our experiment 
correspond to different types of carriers/ions released in the 
primary relaxation process. 


182 



Ihe lioaio charges injected from electrode during 
polarisation may not necessarily be discharging at their 
respective electrodes during the depolarisation and in that 
case, the current reversal in the external circuit may be 
observed due to the motion of the zero-field-plane as 
suggested by Gross and Perlman [41]. Therefore, behaviour of 
the depolarising current corresponding to p' will mainly 
depend on the concentration and the type of the injected 
charge carriers in addition to the concentration of the 
included charge carriers which form the space charge. Gubkin 
and Skanavi [42] have also suggested that there is an 
accumulation of charge at the interface of the two different 
materials and these charges penetrate in the dielectric and 
get trapped into the available traps, thus forming the 
space-charge. TSDC thermograms for pure PVP foil samples with 
dissimilar electrode combinations (Al-Ag; Al-Cu and Al-Sn) 
show that the magnitude of current is higher as compared to 
Al- A1 electrode system. The difference in the work functions 
of the electrodes used in the sandwiched system gives higher 
TSD current at elevated temperature . The peak value of , the 
current seems to be controlled by the effective work function 
for metal -insulator-metal interfaces. The difference between 
the work function of metal (1) and metal (2) will control the 
magnitude of current, but for Al-Al system the characteristics 
of the polymer may prevail as the net contribution of current 
from charge injected from electrode would then be zero [43]. A 
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iiirilkf'fl (‘Icct Midr* off f‘cl" hnn bor'ii obnorvorl for fbo p' po<ik. Tho 
slightly different peak positions in dissimilar electrode 
metal combination have been observed. These results suggest 
that the liberated opposite pair of ions and carriers may be 
affected by the work function difference of the electrode 
metals and a possibility also seems to be present that 
the internal field of PVP. may get modified by work function of 
different electrode materials. The high value of activation 
energy (~ 1.23 eV) is associated with p' -peak suggests the 

possibility of space charge mechanism produced by injected 
space carriero from tiie eJectiodot! . This high value of 
activation energy is in favour of self motion of charge 
carriers/ injected charge carriers (or ions) to some atomic 
distances towards opposite electrodes. Alternatively, there is 
also a possibility of homocharges due to air breakdown between 
dielectric and electrode interfaces but it can be ruled out in 
this case since the vacuum deposited electrodes are used 
during the studies. These cliargen of external origin are 
injected from the injecting nature of electrodes (metal) and 
some of these may get trapped in different trap levels, hence 
another possibility of detrapping of trapped charge carriers 
is possible. Space charge may also be affected by the 
neutralization process of charge carriers/near the 
electrode-dielectric interfaces. This phenomenon of 
neutralization of charge carriers/ ions is the usual phenomenon 
at higher temperatures. 
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ihe vaiuc!J ol. and y tor tlie eiectrode series 
are given in Table 4.1 to 4.23. All these values are different 
for samples prepared with different electrodes. Such electrode 
dependence has also been found by quite few workers [44-46]. 
Table reveals a close relationship between the surface charge 
and TSD currents of PVP foil electrets on the metal 
electrodes. The results support the Gross's theory [47] of 
homocharge which attributes it either to electrode dielectric 
interface breakdown (ruled out in our case due to experiraental 
arrangement used) or to the charge injection from the 
electrodes. The electrons and holes migrate from the 
electrodes on to the surface of the dielectric [44,48]. When 
the polymer is polarized under identical conditions of 
polarisation with electrodes (Al, Sn, Ag, Cu) of different 
work function determined by contact potential method [49], but 
less than that of PVP, the metal with higher work function 
injects a large number of charge carriers than that with lower 
work functions [45]. Since the injection of charge carriers 
from the electrodes to the polymers results in a reduction of 
the contribution of the heterocharge (due to the charge 
carriers present in the bulk of the material) so the charge 
released to the external circuit and the magnitude of the peak 

current I should decrease with the work function of the 

^ ^ m 

metal. The present observations tend to behave similarly (for 
Sn, Ag, and Cu) electrodes. The behaviour of Al is ambiguously 
different which cannot be explained with the present 
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fraincwolk, as reported by Girepstad et ai . [50] in case of PVC 
thermoelectrets . 

Slight difference in peak positions for different 
metal -electrode-metal combinations were observed (Fig. 4.78). 
These results suggest that the liberated opposite part of ions 
and carriers may be slightly affected by the work function 
difference of different coiidDinations . In these results, a 
possibility seems to be present, that the internal field of 
PVP may get modified by the difference in the work function of 
different electrodes. Peak value of the currents seems to be 
controlled effectively by the work function for 
metal- insulator-metal interfaces. 

TSDC thermograms of pure PVP foil samples prepared with 
different similar and dissimilar electrode combinations show 
that the a-peak position is independent of polarisation field 
and the linear relation between peak current and polarisation 
field suggests uniform polarisation and the activation 
energies of the order of 0.35 eV supports that the peak 
corresponds to dipolar mechanism. The height of the a -peak is 
found to increase with the rise in field values. This may be 
due to the fact that as the field is increased, dipole 
orientation increases and more and more dipoles get themselves 
arranged in a definite direction with respect to the field, 
giving rise to increase in peak magnitude with the field. This 
is quite in conformity with the theory of increase in 
polarisation with polarisation field. 
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The effect of polarisation temperature T on the TSDC 

P 

theimograms of PVP foil electrets with different electrode 
configuration show that an increase in enhances the height 
of all the three peaks and this enhancement has been 

relatively more pronounced in case of p'-peak. The values of 
activation energy for all the relaxations increase linearly 
with Tp . At lower Tp, the conduction is slow so that fewer 

carriers are available to accumulate and this reduces the 

height of the peak. Moreover, at low values of T , only the 
fast sub -polarisations could be operative but as Tp is raised, 
more sub-polarisations (with longer relaxation times) would be 
activated [51,52], thereby enhancing the peak magnitudes. When 
all the subpolarisations are filled, the current maxima appear 
at transition temperatures. Infact, the values of activation 
energy for the corresponding decay processes increase with the 
increase in T implies that a, p and p' -relaxations in the 

p 

present case are due to a distribution of relaxation times in 
which both the activation energy and the pre- exponential 
factor are distributed. 

For homoelectrets, poling temperature mainly influences 
the penetration depth of the injected carriers [53]. By 
changing the polarity of injection voltage, negative or 
positive carriers can be injected which can have different 
drift mobilities, retrapping and recombination rates. Decay of 
positive carriers is faster than negative carriers. Only the 
ji 0 gative carriers and not the positive ones can be injected at 
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room temperatuie . This make it likely that electrons 
contribute significantly in a negative injection. At low 
temperature, the conductivity is low and the fewer carriers 
are available to accumulate, which weakens the space charge 
peak. The values of activation energy for poling temperatures 
40 to 80°C are calculated to be 0.247 to 1.11 eV. Thus, 
activation energy increases with the increase in poling 
temperature. This fact, combined with the magnitude of 
activation energy associated with the peak, lead to conclude 
that the trapping site is being destroyed due to increased 
molecular motion [54]. 

The trapping in polymers is not an unusual phenomenon . 
Several concepts of traps in organic polymers such as those 
created due to the difference in energy levels between the 
amorphous and crystalline regions or due to the line and point 
defect and the association of these lattice defects with the 
molecular etc. have been proposed [55]. Therefore, it is 
possible that the charge carriers injected from the electrodes 
are captured in traps available to them. 

On heating the foil electrets to 100°C, the polarised 
volume charge relax to their equilibrium position as a result 
of which a current is observed and up to this temperature the 
space charge remains practically frozen but with further 
increase in temperature the traps start releasing the charge 
carriers and thus the current due to space charge p-peak is 
observed . , ■ 
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Figs. 4.66 to 4.72 show the effect of thickness 

variation on the TSDC thermograms of PVP foil electrets poling 

at 60°C by field 100 kV/cm using different electrode 

configurations. All the curves show peak current I decreases 

m 

as the thickness of foil increases; the sharpness of the peak 
also diminishes. These observations can be attributed to ion 
migration, because for a given polarising field, when ion 
migration takes place, decreases. The value of activation 
energy given in Tables 4.1 to 4.23 show that the charge 
carriers are ionic [ 42 ]. The decrease in with the thickness 
may also be attributed to the fact that the excess charges 
have to move through a longer distance to be neutralized on 
reaching the electrodes [56 ] . This is also supported by the 
increased activation energy with thickness (Tables 4.1 to 
4.23)., 


ic'k'k'k'k-k'k'k'k'k 
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CHAPTER V 


TRANSIENT CURRENTS 
IN CHARGING AND 
DISCHARGING MODES 
AND 

STEADY STATE 
ELECTRICAL CONDUCTION 
IN PURE 

POLYVINYL PYRROLIDONE 

(PVP) 

FOIL ELECTRET 


5 . 1 INTRODUCTION 


If we take a polymeric sample and apply a step field to 
it, the field interacts with the bound and free charge causing 
their motion. The motion of charges manifests itself as a 
current flow in the external circuit. Generally, this current 
known as absorption or charging current, depends on the time 
elapsed after the application of potential to the electrodes,* 
usually it falls off at first and then becomes steady. After 
the step voltage has been removed, there is still a current 
flowing in the external circuit, which is called desorption of 
discharging current. We find that under isothermal conditions 
both absorption as well as desorption currents decay 
approximately in most of the cases as t , where t is the time 
elapsed after the application of the step voltage and 'n' is 
an exponent whose value may be greater or less than 1, 
depending upon the properties of the material chosen and the 
experimental conditions [1--12]. The discharge current may be 
the mirror image of the charging current except that a steady 
state current is not reached. The isothermal desorption 
current decays for a long time, depending upon the internal 
phenomena taking place irrespective of the steady state 
current level. 

Desorption currents can yield much useful information 
about the charging process even when the corresponding 
absorption current is masked by the conduction current during 
charging. The analysis of the experimental conditions can lead 
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to a quantitative as well as a qualitative idea of the 
mechanisms. The results can be compared with some other 
studies like thermally stimulated discharge current (TSDC) , 
etc., to arrive at coherent and cogent conclusion. Transient 
current measurements are tedious - on being carried out over a 
long time is not a regular study but nevertheless it is a very 
useful one, giving far more consistent results than the 
others. This being so on account of electrical and other 
perturbing influences affecting the charging process far 
than in other experiments involving decay processes. 


In past several years, a good amount of work has been 
reported on electrical conduction in polymeric materials and 
various mechanisms such as ionic conduction [ 13 , 141 , Schottky 
emission [15-17], space charge limited conduction [18,1 ], 
Tunnelling [20], Poole-Frenkel mechanism [21], charge hopping 
[22] and Polaron mechanism [23] have been proposed to explain 

the experimental results. 

The fact that electronic conduction plays a role in 

V, u n ficshablished experimentally by Seanor [24]. 
polymers has been establisnea exp ^ 

■!»- is necessary to 
' „ desf-t-ronic condition, it ifa 

To discuss electronic, 

f-TPe carriers and their 

investigate the generation of 

transport through the material . Several reviews 1 

with the probiem of carrier generation. Three^ 

■ r,f--innnished. Schottky emissions [15 J 

current flow may be distinguished. 

the low fieia high temperature limit. Tunnelli g 
occur in tne luw 

,, in the high field low temperature lim . 

[30,31] occurs in cue 1 a 
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Thermal field emission occurs when the dominant contribution 
to the observed currents arises from the tunnelling of 
thermally activated electrons. 

In polymers at low temperature, the density of free 
charge carriers is extremely low and with an electric field, 
non-equilibrium conditions can be achieved, which can be 
easily enhanced by injecting a charge through an ohmic 
contact. Current -voltage curves is generally non-linear on 
account of two basic causes. At high fields the charges are 
accumulated between the electrodes. The density, energy 
distribution and nature of the traps have a determining 
influence on current -voltage characteristics which also 
depends on type of charges involved in the conduction process. 

Trapping sites exert strong influence on the current 
flow, i.e. the concentration of free carriers and their 
mobility if the activation energy values are low 0.2 to 0.3 
eV, hopping is contacted with charge jumps brought about by 
motion of chain elements while great values (0.5 eV) the 
so-called trap hopping mechanism is involved. 

5.2 EXPERIMENTAL DETAILS 

In the present investigation samples were thermally 
poled with fields 05 to 100 kV/cm at various temperatures 
(ranging from 4 0-8 0*^C) for 180 min. during which the transient 
currents in the charge mode was observed 2 min after the 
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application of the field. The current was also observed in the 
discharge mode for the same period of time, 2 min after the 
removal of the field. The polarization was carried out by 
connecting a dc power supply (EC-HV 4800 D) in series with an 
electrometer which was carefully shielded and grounded to 
avoid ground loops and extraneous electrical noise. 

After making proper electrical connections, the 
sandwiched sample mounted on electrode assembly was placed 
inside the thermostat and allowed to attain required 
temperature. It took about 1.5 hrs . When the sample attained 
the desired temperature, a dc voltage was applied. A sudden 
burst of current observed in the beginning decreases with 
time. Its initial as well as steady value was recorded. At 
lower voltages and temperatures, it took longer period to 
reach the steady state while at higher voltages and 
temperatures, steady state was obtained in considerable low 
period. The effect of voltage variation in current was noted 
by increasing the voltage at fixed temperatures while 
temperature variation was measured keeping voltage constant 
and increasing the temperature. A fresh sample is used for 
each set of observation. 

5.3 RESULTS 

The general characteristics of the observed results on 

transient currents in charging and discharging modes, are : 
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5.3-1 TIME DEPENDENCE 

The time dependence of the charging and discharging 
transient currents in PVP foils has been investigated over a 
period of time 01-10^ minutes. Figs. 5.1(a) to (c) show 
typical log I vs log t plots for charging mode, charged at 
temperatures from 40 to 80®C with fields of 5, 10, 25, SO, 75 
and 100 kV/cm, respectively for Al-PVP-Al configuration. 
Discharging modes are shown in 5.1 (A) to (C) under the same 
temperatures, fields, configuration conditions. In both the 
cases, PVP film of 20 iim thickness is used. These graphs show 
that the current decays at a faster rate for the first few 
minutes and then the decay rate slows down to reach the steady 
value. The transients are observed to obey the Curie Von 
Schweilder relationship. 

I (t) = A(T) t"^ 

where t is the time after the application or removal of the 
field, A(T) is a temperature dependent factor and n is the 
decay constant. 

The charging and discharging currents are mirror image 
of each other, in most of the cases. 

A similar type of charging and discharging currents 
behaviour is also observed for the PVP samples of same 
thickness poled at same temperatures and field conditions for 

Ag-PVP~Ag,Cu-PVP-Cu and Sn-PVP-Sn configurations, as shown in 

Figs. 5.2, 5.3 and 5.4, respectively. No appreciable change in 

behaviour of charging and discharging currents is noticed when 
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mode 


v/e use configuration of dissimilar contacts, viz., Al-PVP-Ag, 
Al-PVP Cu, Al PVPSn, shown in Figs, 5.5, 5.6 and 5.7, 
respectively. 

5.3-2 TEHPEKATURE DEPENDENCE 

The charging and discharging transient observed for 
samples charged with fields of 5, 10, 25, 50, 75 and 100 kV/cm 
at different temperatures are shown in Figs. 5.1 to 5.7. Figs, 
(a) to (c) are for charging modes while (A) to (C) for 
discharging modes. The curves exhibit t”^ dependence. The 
t:empei:at:ui:'e dependence of the observed transieiitB can be 
expressed more conveniently by plotting currents observed at 
various constant times (isochronals) against temperature. Such 
isochronals have been constructed for various constant fields 
for fixed times 02, 05, 10, 20 and 40 min. From these plots it 
is evident that the current shows thermal dependence. Figs. 
5.8 to 5.14 are isochronals for Al-Al, Ag-Ag, Cu-Cu, Sn--Sn, 
Al-Ag, Al-Cu and Al-Sri different electrode configurations 
respectively. 

The isochronals are characterised by a peak located at 
70°C for discharging mode. A careful observation reveals that 
the isochronal profile tends to shift towards high 
temperature, which suggests the presence of a thermal 
act..:ivated process. 

The values of the activation energy are cailculated from 
slopes of log I vs 10^/T plots (not shown). In general, the 
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Isochronal current versus temperature plots' for 
discharging mode at given field and different 
constant times' with Al-Sn system . 






value of activation energy increases with increase in the time 
of obseivation. Further, the values of activation energy are 
higher in the case of dissimilar configuration. However, no 
regular pattern in variation of activation energy with field 
is observed . 


5.3-3 FIELD 

DEPENDENCE 




Figs . 

5 .15 

to 5.18 

illustrate 

the variation 

of 

transients 

with 

polarising 

fields at 

constant times 

of 


measurements. Figs. 5.15 to 5.16 are for similar Al-Al system 
and Figs. 5.17 to 5.18 for dissimilar Al-Ag combinations. From 
these plots, it can be observed that the current exhibits a 
complex dependence on the polarising field for dissimilar 
electrode combination. The current increase with field and 
shows a broad peak located at 50 kV/cm field value for 
charging mode and at 45 kV/cm for discharging mode for Al-Al 
similar electrode system. Finally, the current increases again 
for higher field values. 

5.3-4 ELECTRODE MATERIALS DEPENDENCE 

Two sets of electrode material systems are considered, 
i.e., oimi.la.i- oioct.i.'ode oyotem .liko Ai Ai, Ag Ag, Cu Cu and 
Sn-Sn and dissimilar electrode combinations like Al-Ag, Al-Cu 
and Al-Sn. It has been observed that, in general, the current 
values are higher by one order of magnitude in similar 
electrode system over that of dissimilar electrode 
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combinations . 
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5.3-5 GENERAL CHARACTERISTICS OF THE CURVES 

^i) The hraneient current polarity is found to be 

positive in both the cases of charging and 
discharging modes and observed current approaches 
stable value in relatively short period under high 
fields, 

(ii) Cuives illustiating the time dependence of 

charging as well as discharging transients are 
characterised by two regions, which are designated 
as short time and long time regions, respectively. 

(iii) Curves illustrating the temperature dependence of 
charging and discharging transients at various 
constant times (isochronals) are characterised by 
a peak at 70°C for discharging mode. 

(iv) Isochronal currents at various constant times show 
a non linear field dependence characterised with a 
maximum at a certain field value for a particular 
temperature for charging mode. 

(v) The activation energy, in general, show an 
increase with increasing field also with the time 
of observation. By comparing the values of 
activation energy for different configuration, it 
is evident that the value of activation energy 

^ ^ ^ in the case of 
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dissimilar electrode combination than for similar 
configuration. 

Figs. 5.19-5.25 represent the isothermal current (I) - 

voltage (V) characteristics (plotted in the form of log I - 
log V curves) of 5, 20, 30 pm thick polyvinyl pyrrolidone 
foils at 40, 50, 60, 70 and 80*^C using different electrode 
configurations Al-Al; Cu-Cu; Ag-Ag; Sn-Sn; Al-Sn; Al-Cu and 
Al Ag combinations, respectively. The increment in the current 
is approximately the same for whole range of temperatures. The 
nature of the thermograms is non-linear but similar for all 
I puipoi atui on . The curves show two distinct regions with 
different slopes, have a knee at a point. Thinnest (5 um) foil 
exhibit more current than thick (30 pm) foils. The magnitude 
of the current has been found to be higher in dissimilar 
electrode combinations (Al-Sn; Al-Cu; Al-Ag) than similar 
electrode (Al-Al; Cu-Cu; Ag-Ag; Sn-Sn) systems. 

The Schottky plots of PVP foils show the variation of 
current with field in the form of log I versus VE (Figs. 
5.26-5.28) for 5 pm; 2 0 pm and 3 0 pm thick foils, 
respectively. The Figures also indicate log I versus /E 
isotherms for different electrode combinations (Al-Al; Cu Cu, 
Ag-Ag, Sn-Sn, Al-Sn, Al-Cu and Al-Ag) . 

The isothermal l-V characteristics for PVP foils, in 
terapeiature range 40-80°C (Figs. 5.19-5.25) reveal almost 
ohmic behaviour (I a V) initially in a limited field region, 

i ■ 2.01 
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4 ; Current-Voltage characteristics of pure 
PVP as a function of given thickness 
at different constant temperatures with 
Al-Cu system. 
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which gradually becomes non-ohmic; above a field of 2.5 X 
10 V/cm. The slope values (m) in lower field region lie 
between 0.48 to 0.68. The ohmic behaviour can be understood on 
the basis of the reasonable assumption that at low voltages 
there is negligible injection of carriers from the contact and 
the initial current is governed by the intrinsic free carriers 
in the material. The current will be ohmic until the injected 
free carrier density becomes comparable with the thermally 
created carrier density. To resolve the two mechanisms, a 
graph of log I vs VE has been plotted (Figs. 5.26-5.28) for 
different foils thicknesses and electrode combinations. 
Separate lines are obtained for Al-Al, Cu-Cu, Ag-Ag, Sn-Sn, 
Al-Cu, Al-Sn and Al-Ag combinations. This is sufficient to 
cast doubt on the applicability of PF mechanism. 

5. 4 DISCUSSION 

From the above characteristics, it is evident that at 
least two distinct mechanisms shall be responsible for the 
current decay. One mechanism is operative in the range Of 
short time giving rise to a straight line on log I vs log t 
plot with a particular value of decay constant, n^, and the 
other mechanism is operative in the range of long times giving 
rise to another straight line in log I vs lot t plot with a 
decay constant, of higher value. 

The main mechanisms that have been put forward in order 
to interpret the transient current decay flowing through a 

I. 
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dielectric are already discussed in Chapter III. We now try to 
analyse the observed results in the light of the existing 
models, i.e., dipolar relaxation, tunnelling to empty traps, 
charge injection leading to space charge effects and electrode 
polarisation considering the variation of such currents with 
time, temperature, field and electrode materials. 

In the case of tunnelling to empty traps, it is well 
established that the tunnelling current should be independent 
of temperature and proportional to the field at moderate 
fields. However, in the present case, charging and discharging 
transients at fixed times show thermal dependence and exhibit 
a complex dependence on the electric field. Thus, it seems 
that tunnelling to empty traps can be ruled out as a possible 
mechanism for the observed transients. 

In the case of electrode polarisation, the transient 
currents are reported to be proportional to t~^ with the value 
of decay constant n - 0 at short times, and n > 1 at longer 
times. However, in the present case, at short times the value 
of n is found to vary from 0.43 to 0.62 for similar electrode 
system and from 0.78 to 0.98 for dissimilar electrode 
combinations. These observations show that the process of 
electrode polarisation is unlikely to be dominant in the ; 
present case . | 

Analysing the experimental results further, we know that 
dipolar relaxation [ 32 , 33 ] can also account for t”’^ type of i 



time dependence. However, it has to be borne in mind that, as 
a general rule, dipolar processes involved in polymer are 
characterised by a distribution in relaxation times, and that 
overlapping of several processes are likely to be present. 
This also implies that the Curie law can only be considered 
more or less a rough approximation of the real time dependence 
and can only depict the transient phenomena over, short periods 
of time. Keeping this in mind, the following points may be 
considered in favour of this model. 

The existence of three main relaxations in PVP which are 
labelled as a, p and p' in ascending order of temperature. The 
relaxation involving local motions of the side carbonyl group 
occurs around 90°C. The p relaxation is associated with the 
conformational motions of the main chain segments and takes 
place near the glass transition temperature, 170°C. The third 
relaxation labelled p' is reported to result from the ionic 
space charge polarisation and occurs at 20o‘'\:, well above the 
glass transition temperature. 

. j 

In the present case transient current at fixed times f 
show an isochronal peak localised at Further, the 

charging and discharging currents are mirror images of each 
other over most of the temperature range. Thus, it seems 
likely that the dipolar relaxation process in PVP could be 
responsible for the transient component of cliarging and 
discharging current. It may be noted here that linear- 
dependence on field as expected of a dipolar process has been 
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observed in polymers only when current are measured at 
temperatures sufficiently lower than the glass transition 
temperatures. It seems that at shorter times only dipoles with 
short relaxation times are oriented/reoriented resulting in a 
smaller value of decay constant, n^ . However, at longer time 
dipoles with longer values of relaxation time also start 
orienting/reorienti ng resulting in a current that 
decays /changes at a faster rate resulting in a higher value of 

It has been observed that current shows a complex field 
dependence. Further, the activation energy has been found to 
increase with the time of observation. Thus, it can be 
concluded that the observed current may have contribution from 
charge carriers hopping amongst localized states. The presence 
of amorphous regions in PVP entails existence of localized 
Gtat c!) in lilt! band gd[). 

In fact, systems dominated by hopping of ionic and 
elect ionic..' churcfc (;n i i i o t s , cjenci u 1 1 y , liliow a I lainj i eiit decay 
divided into two successive domains. With the aid of two site 
models, Lewis [34] has derived an expression for transieht 
behaviour which allows only value of n, i.e. there is no 
restriction on the value of n. The model assumes that the 
localized states which are distributed in energy and charge 
carriers undergo limited transitions to adjacent sites. The 
observed increase in the value of activation energy at longer 
times may be explained by the hopping meehanism which requires 
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the existence of such localized states distributed in energy. 
Thus, it seems that hopping of charge carriers may also be a 
possible mechanism for the observed transient. 

The increase in the value of activation energy at longer 
times may adequately be explained in the light of transients 
controlled by space charge formation in the bulk of the 
sample. The following observed characteri sti cs are in support 
of the space charge mechanism : 

(i) The complex dependence of the isochronal 
transients on the field strength, supports the 
contention that the field at the electrode 
(cathode or anode) is modified by the space 
charge, and 

(ii) isochronal current peak shifts towards higher 
fields at shorter times, thus suggesting the 
presence of space charges. 

Charges can be injected directly from the electrodes j 
leadingto space charge formation inside the dielectric. These f 
charges may get trapped at various trap levels. The faster I 

decay of current corresponding to a higher value of constant 

^ ^ ^ I 

^ ■ . . . ( 

n^ in the long time region for different samples indicates the 
existence of energefically distributed localized trap levels. 

Tt seem.s that at shorter times, only shallow trap levels get 
f i 1 U;d/ompt i eci (.‘oiit r i buti ny t o a cha i y i ny/d i scha i.y i ny cur rent 
that changes at a slower rate. However, at longer times deeper 
traps capture/release tlie charges due to which current decays 
at the observed faster rate an the observed activation energy 
value is greater [35-37]. ! 



It has been observed in the present investigation that 
the magnitude of the transient current is generally higher in 
case of similar electrode system. This can be understood in 
the light of interfacial polarisation. It seems that due to 
the higher conductivity of PVP, more interfacial charge is 
localised on PVP during charging using similar electrode 
configuration, giving a higher value of charging transients . 
Similarly, during discharging a higher conduction current will 
flow in PVP resulting in a higher value of the discharging 
current . 

The complex nature of field dependence may be explained 
in the manner that the internal field created by the 
interfacial polarisation decreases the external applied field. 
The effect of the internal field would be to decrease the 
apparent charge carrier mobility. The interfacial charge is 
thus expected to exhibit a maximum at a certain field value. 
However, the internal field due to interfacial polarisation 
becomes nearly constant at higher polarising fields . The 
effect of the internal field may then decrease relative to the 
applied external field so that the apparent mobility of charge 
carriers again increases. The interfacial space charge shall, 
therefore, again increase for higher polarising fields. 

Stmik [38] has shown that solid like polymers are not in 
thermodynamic equilibrium- at temperatures below their glass 
transition. For such materials, free-volume enthalpy and 



entropy values are greater than they would be in equilibrium 
state. The gradual approach to equilibrium affects many 
properties, e.g., the free-volume of the polymer may decrease. 
The decrease in free volume lowers the mobility of chain 
segments and also charge carriers. The decrease in mobility 
may be expected to reduce conductivity. At higher eletric 
fields, a change in mobility may take place faster than at 
lower fields and also recombination of charge carriers may be 
more. This may be responsible to make the observed current in 
the present case to approach a stable value in relatively 
shorter periods under high fields. 

The field dominant behaviour, more so at lower 
polarising temperatures (Figs. 5. 1-5. 7) hints at the initial 
current being controlled by the bulk phenomena such as 
polarisation effects and/or ionic currents. The dipolar 
lulaxation uuciiiii Lo lie the iiiajui contiihuLoi to the LiaiiuieiiL 
current, particularly at lower polarising temperatures. The 
role of dipolar relaxation has also been confirmed in PVP by 
the authors, through thermally stimulated discharge current 
studies reported in Chapter IV. 

From the I--V curve, two distinct regions corresponding 
to different types of conduction; region I with a slope less 
than 2 at low or moderate fields and region 1 1 with a slope 
about 2 at high fields are observed. In region I, the I-V data 
are further found to obey a linear log I versiis v^E relation. 
The values of activation energy have been plotted against the 
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square root of applied voltages (not shown) . A straight line 
is obtained. 

The value of ra for higher field region is 2, indicating 
a possibility of SCL conduction. The value of current is 
thickness dependent (Fig. 5 .19-5 .25) . Vinyl derivatives are 
prominent species among high polymers containing a lot of 
structural disorders and impurities within them. The values of 
slope coefficient ~ 2 of I-V characteristics are the typical 
proofs for the continuous trap level distribution in the band 
gap of semi insulating PVP. The defects and impurities can 
govern the conduction mechanism and also act as trapping 
centres and get populated by injected charge carriers from the 
electrodes. Charge carriers from these localized levels are 
thermally excited to their respective transport bands causing 
thermally activated ohmic conduction. Depending upon the 
population of these levels and their respective transport 
bands, the conduction may change from ohmic to Schottky 
emission . ' 

The extrinsic electrical conduction in semi- insulating 
material corresponds to the charge carriers originating from 
the electrodes and sub-surface levels and the intrinsic one 
corresponds to the charge carriers originating in the bulk. 
The Schottky emission, Poole-Frenkel mechanism and tunnelling 
are the different possible mechanisms associated with the 
injection of charge carriers from outside the bulk of the 
samples under study . Schottky emission is analogous to 
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thermionic emission as it involves charge emission from metal 
with a difference that the barrier height is lowered by the 
reduction in the metal insulator work function due to applied 
electric field. 

To identify the probable mechanism, out of 

Richardson-Schottky and Poole- Frenkel in present 

. . . 1/2 

investigation, l-E characteristics have been drawn (Figs. 

5.26-5.28) by taking Al, Ag, Cu and Sn as upper electrode 

while the lower electrode has been of Al metal in each 

configuration and are having different slopes, i.e. they are 

assymetric to each other. They are straight in high field 

1/2 

region while a slight deviation from the relation I-E ' has 
been observed in the lower field region. The restoring force 
in R-S and P-F effects is due to Coulomb interaction between 
the escaping electron and positive charge. 

The proper way of distinguishing between the P-F and R-S 
mechanisms has been suggested by Jonscher and Ansari . The 
effect of electrode materials namely aluminium, copper, silver 
and tin having different work functions 3.38, 4.46, 4.31 and 

4.09 eV, respectively on the I V characteristics has to be 
considered for deciding conduction mechanism. 

The current through the sample differs when the upper 
electrode aluminium is replaced by silver, copper and tin 
electrode. The magnitude of current has been found to be 
higher in dissimilar electrode combinations (Al-Cu, Al-Ag and 

2T0' : . ■ 



Al-Sn) than similar electrode Al-Al, Cu-Cu, Ag-Ag and Sn-Sn 
systems. This shows the effect of the material of the 
electrodes on the current of the sample sandwiched between 
them. The values of current seem to be controlled by the 
effective work function for metal -insulator-metal interfaces. 
The difference between the work function of metal (1) and 
metal (2) will control the magnitude of current but for 
similar electrodes Al-Al, Ag-Ag, Cu-Cu and Sn-Sn systems, the 
characteristics of polymer may prevail as the net contribution 
of current from charge, injected from electrode, would then be 
zero. The work function of the polymer must be taken to lie 
above those of metals. So the difference of resultant barrier 
height between polymer-metal (1), i.e. aluminium, is 
sufficiently higher than the effective barrier height of 
polymer-metal (2), i.e., Cu/Ag/Sn interfaces. Their difference 
will control the magnitude of current. Different lines are 
obtained for dissimilar electrode combinations. These 
observations are consistent with the proposed R S mechanism 
and suggest that in the higher field regions, the conduction 
is governed by R~S effect in which the carriers are injected 
over thf^ field dependent polymer electrode interfacial 
barrier. The .increase in current with increasing metal work 
function has been interpreted to show that the hole injection 
is the dominant mechanism. 
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CHAPTER VI 


dielectric properties 
impure 

POLYVINYL PYRROLIDONE (PVP) 

foilelectrets 


6.1 INTRODUCTION 


The dielectric behaviour of polymeric films is of direct 
interest to both the basic studies of electrical conduction 
through such films and their applications in capacitors for 
micro-electronics. To obtain high values of capacitance, the 
dielectric constant should be high and the thickness be small. 
Due to the difficulty of obtaining structurally continuous and 
stable ultrathin films, capacitor applications are generally 
limited to thick films. 

The evaluation of dielectric properties of insulator 
films [1-5] is carried out by measuring simultaneously the 
capacitance and the dissipation factor over a wide range of 
frequencies and temperatures . As all the other electrical 
parameters of dielectrics, the permittivity depends on the 
changeably external factors such as the frequency of voltage 
application, temperature, pressure, humidity, etc. In a number 
of cases, these dependences are of great practical importance . 

Recently, dielectric properties of several polymers 
[6-12] polar and non-polar have been investigated. Some 
general relations between dielectric properties have been 
discussed, distinguishing between resonance phenomena that 
commonly occur in the optical region and relaxation phenomena 
which occur in polymers at the lower frequency regions. It has 
been shown how the real and imaginary parts of the complex 
dielectric constant are related. In nonpolar polymers, the 
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dielectric constant depends primarily on the density, but 
little is known regarding the nature of the dielectric loss. 
Attention has also been paid to polar polymers. After some 
preliminary remarks on the nature of dielectric dispersions, 
some phenomenological notions of dielectric dispersions have 
been considered. Attempts have been made to relate theory and 
practice. The topics, such as phase transitions, anisotropy 
and in homogeneity, have been dealt with. 

Dielectric relaxations in polyvinylidene fluoride were 
studied by Sasabe et al. [8]. They observed three distinct 
absorption peaks (a^, and /3) in the frequency range from 
0.1 to 300 Hz in the temperature range -66 to 100°C. The 
absorption is related to molecular motion in the crystalline 
region. The absorption can be interpreted as due to the 
micro-Brownian motion of the amorphous main chains . The /3 
absorption is attributed to local oscillations of the frozen 
main chains, Kakutani and Ashina [9] studied low- teraperat\.ire 
absorption of polyvinyl chloride and concluded that (3^ and (3^ 
processes are the results of molecular motion in crystalline 
and amorphous regions of the polymer respectively. Low 
temperature dielectric relaxation in polyethylene and related 
hydrocarbon polymers was investigated by Phillips [13]. He 
uses a simple quantum mechanical model of relaxation process: 
to explain the experimental results. According to this/ 
process, a particle in a double potential well tunnels from 
one well to the other with emission or absorption. Kulshrestha; 
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and Srivastava [14] doped PS with choranil and Srivastava 
et al [15] with copper phthalocyanine and observed interfacial 
polarisation in the measurement of dielectric losses of 
polymers. 

Investigation of dielectric properties is also one of 
the most convenient and sensitive methods for studying polymer 
structure. It is, therefore, important that their dielectric 
behaviour is full understood. This involves complete knowledge 
of variation of the complex dielectric constant, i.e., 
capacitance and losses over a wide range of frequencies and 
temperatures. Whenever a dielectric is subjected to an 
electric field, dissipation of power depends on the voltage 
and frequency. These losses of power in a dielectric are 
commonly known as dielectric losses. Dielectric properties 
also depend on the type of substance polar or non-polar 
[16-18], temperature [19,20], frequency [21], structural 
changes [22], fields [23] and humidity [24] . 

Mechanism of dielectric properties is given in Chapter 3 
together with last decade's work which reveals that no work 
has been done on dielectric properties of pure or doped PVP. 
Therefore, it is thought worthwhile to carry out 

investigations to understand the dielectric behaviour 
polyviny pyrrolidone foils. 
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6.2 PRESENT INVESTIGATION 

The present investigation is intended to get an insight 
into various molecular relaxation processes which occur in PVP 
under the influence of alternating field. This chapter 
describes the dielectric and loss variation of pure PVP foils 
as a function of frequency and temperature. Field is also one 
of the important parameters, particularly in case of polar 
polymers. Chatter ji and Bhadra [25], McMohan [26], Elgard [27] 
and other [28,29] have observed isotropic increase in 
dielectric constant with field but no satisfactory 
interpretation has been given for this effect. 

In the present investigation, attention has been paid to 
audio frequencies and temperature range (40-220'^C) . Frequency 
range selected is from 0.5 to 30 kHz. 

6.3 FOIL PREPARATION 

Foils of PVP (20 thick) are grown from solution, 

geometry of foil and electrode in sandwich configuration is 

same as described in Chapter II in detail. They are sandwiched 

2 

between vacuum deposited electrodes of about 1.33 cm . 

6.4 EXPERIMENTAL PROCEDURE 

has been adopted to measure the 
dielectric properties of PVP fois as a function of frequency 
and temperature . The temperature of the sample is recorded 
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with the help of a copper-constantan thermo-couple placed 
close to the sample. A direct reading potentiometer has been 
used for the determination of thermo emf . Before starting the 
measurements, the samples are allowed to attain the 
equilibrium temperature for a sufficiently long time. The 
oscillator has been set for the desired frequency and the null 
detector is tuned to it. The bridge balance has been done by 
repeated adjustment of capacity selector, capacity and 
dissipation knobs till the null detector indicated the least 
deflection. The oscillator then has been set for the next 
frequency and the bridge has been again balanced in a similar I 
manner. After covering the entire frequency range, the 
temperature is changed and the measurements have been repeated 
over the entire frequency range and so on. Two loss maxima at 
~90 and ~180°C are observed. 

6.5 RESULTS AND DISCUSSION 

Dielectric properties of polymers are investigated by 
measuring simultaneously the capacitance and the loss factor 
at regularly varying temperatures and frequencies. Figs. , 
6. 1-6. 7 show the capacitance as a function of temperature at 
fixed frequencies of 0.5, 2, 10, 15, 20 and 30 kHz for 
different electrode configurations of Al-Al, Ag-Ag, Cu-Cu, 

Sn Sn, A1 Ag, AlCu and AlSn, respectively for pure polyvinyl 
pyrrolidone foils, 20 pm thick. As the temperature is 
increased, the capacitances of pure foils are increased. This 
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Fig. 6.1 Variation of capacity with temperature at different constant frequencies 
for Al-Al System. 
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incxease ;i,n capracitauce is less :i,n tlie temperature range 
30-90 C than the corresponding one in the temperature range 
90 2 10 C. Thus, it may be iriEerred that increase in 

capacitance is more above its glass transition temperature 
(-lOo'^C) . This behaviour is found to be same for all similar 
electrodes configurations. However, in case of. dissimilar 
electrode combinations, in general, a peak is found ~ 105+5°C 
and remaining variations are the same, as found in case of 
similar electrode systems. The capacitance is found to be 
maximum for lowest frequency of measurement azid then decreases 
with the increase of frequency and assumes a minimum value at 
the highest frequency, at all the temperatures. The rate of 
fall of capacitance with frequency is largest at the highest 
temperature and as temperature is decreased, this rate of 
fall, also decreases almost for all electrode configurations 


Figs. 6.8-6.14 exhibit the variation of loss factor 
with temperature at different fixed frequencies 0.5, 2, 10, 20 
and 30 kHz for different electrode configurations, as 
mentioned above, for pure polyvinyl pyrrolidone foils of same 
thickness. All the curves show two loss maxima, one below the 
glass transition temperature T^ (~100°C) and one above. Lower 
temperature loss maxima occur at 90 h: 10 C while higher 
temperature loss maxima occur at 180+10°C, and are designated 
as a and p peaks, respectively. Both the loss maxima shifts to 
lower temperature as the frequency is decreased. Both the 
maxima show nearly same amount of shift. Beyond 190°C, the 
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decrease in loss factor with temperature for the PVP foil is 
more pronounced. All thermograms, also show an increase in 
magnitude of both loss maxima, with the decrease in frequency. 
However, magnitude of p loss maxima is more than for a loss 
maxima . 

Permiltivity is the basic parametur of a dielectric 
describing its properties from the view point of the processes 
of its polarisation or propagation of electromagnetic waves in 
it, or more generally from the point of view of the processes 
of its interaction with an electric field. Permittivity is a 
microscopic parameter of a dielectric which reflects the 
properties of a given substance in a sufficiently large volume 
but not the properties of the separate atoms and molecules in 
the subtance. There are three well known types of 
polarisations : electronic, ionic and dipole polarisation. 

Electronic polarisation is the displacement of electrons 

with respect to the atomic nucleus, precisely - displacement 

under the action of an external field of the orbits in which 

negatively charged electrons move around a positively charged 

nucleus. This type of polarisation occurs in all atoms or ions 

and can be observed in all dielectrics irrespective of whether 

other types of polarisation are displaced in the dielectric. 

One specific feature of electronic polarisation is the fact 

that when an external field is superposed, this type of 

polarisation occ\irs during a very short interval of time (of 

- 1 

the order of 10 s) . 


Ionic polarisation is the mutual displacement of ions 
forming a heteropolar (ionic) molecule. A shorter time is 
required for the process of ionic polarisation to set in, but 

it is longer than that for electronic polarisation, i.e . , 

■"'12 ■ • ■' ' ' '' 

10 s. On the whole, the process of electronic and ionic 

polarisation is much in common. Both phenomena may be regarded 
as the varieties of polarisation caused by deformation which 
is a displacement of charges with respect to each other, in 
the direction of the field. Apart from a very high velocity 
mentioned above, with which the state of polarisation sets in, 
it is important to bear in mind that the process of 
deformational polarisation is practically unaffected by the 
temperature of the dielectric. The electric energy required to 
polarise a molecule is completely returned to the energy 
sources after voltage is removed. For this reason, 
deformational polarisation does not entail any dielectric 
losses . 

Polar dielectrics [30-32] exhibit a tendency towards 
dipole or orientational polarisation. The essence of this kind 
of po ! <1 1 i !. 5 <U i on onn l)i,; i in a n i nip I i. f '.i cci inannci,, an has 

been first suggested by Debye, to the rotation of the 
molecules of a polar dielectric having a constant dipole 
moment in the direction of a field. If orientational 
polarisation is considered more strictly, it must be 
understood as the introductioh by an electric field of a 
certain orderliness in the position of polar molecules being 


in uninterrupted chaotic 'thermal' motion, and not as a direct 
rotation of polar molecules under the action of a field. For 
this reason, dipole polarisation is connected by its nature 
with the thermal motion of molecule, and temperature must 
exert an appreciable effect on the phenomenon of dipole 
polarisation. 

After a dielectric is energised, the process 
establishing a dipole polarisation requires a relatively long 
time as compared with that of practically almost intertialess 
phenomena of deformational polarisation. As distinct from 
deformational polarisation, dipole polarisation and also other 
kinds of relaxation polarisation dissipate electric energy 
which tranforms into heat in a dielectric, i.e. this energy 
causes dielectric losses. 

In polymer, l.he dielectric loss behaviour may be 
attributed to the deformation of polymer chains [33-35]. The 
molecular flexibility of the chains are responsible for this 
characteristic property of the polymers. The other important 
mechanism for the dielectric losses in the polymers is 
considered to be the internal motions or the local movements 
of the molecular chains of the polymer. At high temperatures, 
especially at the glass transition temperature of the polymer 
such segmental motions are prominent. However, at low 
temperatures, these motions become less significant. 


6.5-1 FREQUENCY DEPENDENCE OF CAPACITANCE 


The capacitance and hence the dielectric constant of PVP 
foils decreases with the increase in frequency (Figs . 6. 1-6 .7) . 
This is so because the polarisation settles itself during a 
very short period of time. Dielectric constant of non-polar 
polymers remains invariable with frequency. In case of polar 
polymers like PVP, the dielectric constant begins to drop at a 
certain critical frequency and at very high frequencies it 
approaches the values typical of non-polar polymers. In 
amorphous polymers, structural polarisation is also possible - 
For this type of polarisation, the capacitance falls with the 
increase in frequency [36]. However, this behaviour can also 
be explaiend in the following manner. 

Decrease of capacitance with frequency may be due to the 
failure of dipoles to settle themselves completely during the 
short time of one half period of applied voltage. This sort of 
polarisation like orientational component, atomic component, 
etc. further drops the value of capacitance. In our present 
investigation, we have observed a considerable change in 
capacitance value as expected in polar polymers. The 
dependence of capacitance on frequency is given by : ' 
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C + 

g 


Sr 


T „2 2 

1 + W r 


where is the geometrical capacitance. 
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It is obvious from the above equation that capacitance 
reaches its maximum width W = 0 (direct voltage) and is 
minimum when W = os. 

6.5- 2 TEMPERATURE DEPENDENCE OF CAPACITANCE 

Whenever a dielectric is heated or energy is supplied in 
the form of heat, there is expansion of lattice.. The ratio of 
the number of molecules to the effective length of dielectric 
diraishes when the temperature increases. As a result of this, 
the capacitance and hence dielectric constant should decrease 
but because of presence of dipoles in case of polar polymers 
like PVP, permittivity changes its behaviour. At the lower 
temperatures, the dipoles remains almost frozen in and are 
unable to orient themselves [38]. When the temperature is 
raised, the orientation of dipoles gets facilitated, which 
increases the permittivity. The increase in capacitance and 
dielectric constant with temperature may be partly due to 
ionic mechanism of polarisation. 

6.5- 3 ELECTRODE MATERIAL DEPENDENCE OF CAPACITANCE 

Electrode material show marked dependence of 
permittivity (capacity). It is found that with Al-Ag/Cu/Sn 
combinations, permittivity is enhanced -in lower temperature 
region at all frequencies, as compared to Al-Al/Cu-Gu/Ag-Ag/ 
Sn-Sn system. This enhancement of permittivity is followed by 
a maximum at ~100°C with Al-Ag/Cu/Sn combinations. Rise of 
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permittivity at a particular temperature may be due to maximum 
orientation of dipoles and then fall in permittivity value is 
because of loss of oriented dipoles as temperature further 
increases. 

6.5-4 VARIATION IN LOSS FACTOR 

In case of polar polymers like polyvinyl pyrrolidone, 
loss values depend strongly on temperature [39]. Two loss 
maxima are observed (Figs. 6.8-6.14). The first type of 
dielectric loss called dipole- segmental, is associated with 
orientation/rotation of the polar units of the macromolecule 
under conditions where segmental movement is possible, i.e., 
in the rubber- like state (> T ) of the polymer. The second 
type - called dipole group is due to orientation of the polar 
groups themselves. Losses of this kind may also occur below 
the Tg, i.e., in the glassy state and above T^, i.e., rubber 
like state. First loss maxima occur at 90+10°C and the second 
loss maxima at 180+10°C. Incidently, two current peaks have 
also been reported in Chapter IV of thermally stimulated 
discharge current studies with Al-Al electrode system, their 
location is also comparable. 

Therefore, two loss maxima have been anticipated in the 
dielectric thermograms of PVP, since the dielectric properties 
are associated with the molecular relaxation modes of a 
system. Polymer is supposed to be a mixture of crystalline and 
amorphous phase. In crystalline region, the molecules 
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(dipoles) are bound with equilibrium position to the other. In 
the amorphous region the dipoles associcated with one 
equilibrium position to another equilibrium position, can 
orient rather easily. The a. relaxation process may be due to 
micro-Brownian motion in PVP which results in the orientation 
of dipoles due to the motion of main chain in PVP [40]. 

The polymer foils grown by solution technique, is a 
mixture of crystalline and amorphous regions . Due to amorphous 
nature, Vander Wall's force is weak and binding force is less. 
This facilitates the movements of segments. In the present 
investigation, p maxima occur at 180+10°C, whic is slightly 
above T of PVP. Andrews and Kimmel [41,42] have discussed a 
high temperature transition in poly acrylonitrile which lies 
above its T^. Therefore, p relaxation process in PVP foils may 
be attributed to the motion of the more mobil molecular chains 
in which the intermolecular forces between the crystalline 
regions are weakened due to thermally activated process. This 
weakening of forces causes the motion of the entire molecular 
chain and hence, the occurrence of p - relaxation . 
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REVIEW 

AND 

CORRELATION 
OF THE RESULTS 



7.1 REVIEW AND CORRELATION 


Charge storage and polarization phenomena in dielectrics 
:an be associated with two types of effects. A frozen-in 
polarization or trapped charges can either induce internal 
affects or create an external electric field. In the first 
case, the physical properties of the material can be modified 
leading, for instance, to piezoelectricity or to non linear 
effects. In the second case, an external electric field of 
large magnitude can be created. 

As far as the internal effects are concerned, many 
attempts have been made to take advantage of the useful 
mechanical properties of the polymers, such as their low 
acoustical impedance, their flexibility, and the possibility 
to have them in large lateral or long linear dimensions. 
Piezoelectric polymers have found many applications, but still 
at a very reduced level. New developments are now being made 
in electro-optics and the potential here seems to be quite 
large. 

As far as electrets which create an external field are 
concerned, large scale applications have already been 
developed; the main one being in the field of condensor 
microphones. Various types of sensors are also being studied 
out of the acoustical frequency range, for instance to produce 
or detect ultrasonic waves. 
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The interpretation of electrical charge storage and 
transport behaviour of polymers is not an easy task. There are 
at least two main difficulties ; 

(i) 0\ir knowledge about the energy band model of a 
real insulator is very small [1,2]. Polymers are 
characterized by very long chains formed of 

1 n: 

typical 10 -10 strongly covalently bonded monomer 
molecules, each with their own electronic state. 
Consequently, it is difficult to approach the 
metal-polymer contact. To explain very large 
valvies of dielectric permittivity measured at low 
frequencies and/or high temperatures or the 
thermally stimulated depolarization current sign 
change, the contact is considered blocking [3]. 
Other results show that for many polymers the 
current voltage characteristic is independent of 
the electrode metal work function [4,5]. 

(ii) On the other hand, dipolar charge and space charge 
coexist in the insulator and little experimental 
information can be obtained about the behaviour of 
each of the two charge types. The current in phase 
with the field called the conduction current leads 
as well to the space charge accumulation in the 
sample [6]. This’ charge, in turn, opposes the 
current flow and makes the interpretation of 
experimental results more difficult. 
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The specif icatons of the electrets required for in 
various applications are quite different. Therefore, a proper 
knowledge of charge storage and transport behaviour of 
materials is very important. A number of techniques have been 
employed to investigate the charge storage, transport and 
release from metal-polymer-metal structures. It has been found 
that a suitable combination of isothermal and non- isothermal 
techniques can be useful for consistent interpretation of 
charge storage behaviour in polymers. Various authors [7] have 
studied transient charging and discharging currents in 
combination with short circuit TSC measurements. Most polymers 
possess both surface as well as bulk traps. Unfortunately, 
both transient current and short circuit TSDC measurements do 
not, however, readily reveal the existence of surface traps 
and yield only limited information about the bulk traps. 
Further, distinction between excess charge decay by SCL drift 
and diffusion and by ohmic conduction cannot be made on the 


basis of 

short 

circuit TSDC measurements 

alone. 

More 

information 

can 

be obtained 

by 

employing 

the above 

two 

measurements 

in 

conjunction 

with 

the open 

circuit 

TSDC 


measurements of specimen. Much importance has been attached on 
the double layered films, in recent years, on the ground that 
there exists a possibility to adjust polarization distribution 
by adjusting the thickness of the films which is very 
meaningful for the applications [8]. 
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thermal Jy stimulcited discharge current measurements, transient 
current measurements in charging and discharging modes, 
studies on steady state electrical conduction and dielectric 
properties have been, therefore, undertaken to provide 
information about polarisation and various relaxations 
occurring in polyvinyl pyrrolidone foil electrets . 

With the view to present a unified picture of the 
various findings, we here review the various important results 
of the present investigation. 

To determine the mechanisms responsible for polarisation 
in polyvinyl pyrrolidone foil electrets, an extensive study of 
sort circuit thermally stimulated depolarisation current 
measurements are made. It is observed that, in general, 
depolarisation current flows in the positive direction (as 
normally) corresponds to hetero charge for the samples 
polarised at lower temperatures with low fields. However, for 
higher polarising temperatures and higher fields, the observed 
currents becomes higher. Most of the thermograms are 
characterised by several peaks. Various peaks are considered 
to be located in three temperature intervals. In the 
temperature interval of 70-90°C, one peak is seen; a well 
resolved peak is observed around 160-170°C and a high 
temperature peak is found between 195-205 C. It is well 
established by Khare et al. [9-12] that three relaxation 
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been attributed to the molecular motion under the effect of 
external field. The p process is associated with the 
relaxations of permanent dipoles/orientation, of the main 
chain from polarised state to their equilibrium state, usually 
with large values of activation energy whereas the a process, 
having relatively small energy is due to the relaxations of 
side chain or smaller polar groups from polarised to the 
equilibrium state. At temperature lower than the glass 
transition temperatures, due to higher resistivity of the 
polymers, the mobility of molecular dipoles is so low that 
they are not able to get polarised under the influence of 
applied electric field and a small observed current peak (a) 
may be due to the depolarisation of sum loosely bound side 
groups. At temperatures higher than the glass transition 
temperature, the mobility of the molecules of the dipoles 
becomes sufficiently high and thus get polarised under the 
influence of the electric field. Therefore, two current maxima 
at about 170 and 200°C are observed in the TSDC thermograms of 
PVP foil electret. 

The above experimental results suggest that in case of 
PVP trapping sites are centred around three well separated 
mean values of which the first gives a current peak below 
glass rubber transition temperature T^ and the second peak in 
the neighbourhood of Tg and the third peak well above it. 
Tiieir activation energy, relaxation times are in ascending 
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order of magnitude. The observations suggest cnac UXiC: u JL gipjM 
sites in PVP is related to small groups segments, main 
chain/dipoles and crystalline amorphous region. 

Tiio values of activc'ition energy associated with TSDC 
peaks of PVP increases with increase in poling temperature. 
The activation energy leads one to conclude that the trapping 
site itself is being destroyed due to increased molecular 
motion. Marked dependence of depolarising current on electrode 
materials, linear dependence of charge stored on applied field 
(not nil own) and approximate linearity of steady state current 
voltage characteristics of PVP suggest carrier injection from 
electrodes. More emphasis is made to the importance of 
metal -polymer contact which is the origin of carriers 

responsible for conduction and surface charge. 

Effect of electrode variation is being studied on TSD 
thermograms, current voltage measurement of PVP foil electret. 
In the depolarisation of an identically polarised specimen, 
current reversal is observed in high temperature region and is 
explained on the assumption that the contribution of hetero 
charge due to the included charges to the p peak is 

relatively small as compared to that due to the injected 

charge carriers from the electrode to the surface of the 
polymer which finally form the space charge. 

Electrical conduction study of PVP suggests a uniform 
distribution o£ traps. The flow o£ current is governed by the 
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ttappin'-j sites. The increase in conductivity with temperature 
is due to increase in mobility. At low temperature, Hopping 
like process invoked. The values of activation energy greater 
tlmu 0 . b eV , the so called trap hopping mechanism is invoked. 
At higher temperature and field, space charge limited 
conduction is observed. The rise in conductivity in this 
region may be due to no free carriers and increase mobility of 
charge carriers. In our present investigation, the activation 
energy of conduction is about 1.07 eV which is in good 
agreement with that determined by TSDC method (1.05 eV) . 

Current -voltage (I-V) characteristics in pure PVP show 

different conduction mechanism one below glass transition 

tempeature (T ) and one above T . The mobility of charge 
9 9 

carriers are low below T and conduction is described by 

9 

Richardson- Schottky mechanism whereas at higher temperatures, 
due to increase in mobility of charge carriers the conduction 
is dominated by space charge. 

The transient current in charging and discharging modes 
have been recorded in PVP foil electrets prepared under 
different conditions of electric stress and temperature and 
with different contact electrodes configurations. The currents 
have been fo und to follow the Curie von Schweilder law with 
two different slopes having index, n, values lying between 
0.40 to 0.71 at short and from 1.26 to 1.98 at long times. The 
transient currents exhibited reversibility and a temperature 


236 


ficpcndf'iK'o; and liave been characteriaed by an isochronal peak 
at 7o‘-V:. The associated activation energy values are, in 
geneiral, found to increase at greater times in all the 
ccnif icjiit .itionn ,uid nhow a complex field dependence. 


1 he observed results have been interpreted in terms of 
dipolaj relaxations associated with the polar carbonyl group 
of polyvinyl pyrrolidone. Some indications of hopping of 
charge carriers amongst various localized states distributed 
in energy are also observed and cannot be completely ruled 
onl . Si i-ong evidence, however, in favour of injected and 
interfacial space charge formation are clearly perceptible. It 
has been observed that the magnitude of transient currents is 
higher in cases of dissimilar electrode combinations. This is 
considered to indicate towards more interfacial charge 
localization. The charging and discharging currents are found 
to mirror image of each other, in most of the cases of 
different configurations. The transient current in PVP decays 
according to t“^ law. 

Frequency and temperature dependence of dielectric loss 
of PVP exhibited a maxima above/below the glass transition 
temperature of the polymer. Whereas TSDC thermograms of PVP 
exhibited three current maxima. These results suggest that 
a- relaxation process accompanied with small activation energy 
due to the rotational motion of side gruops. This relaxation 
process could not be detected by the present study of 
dioIecLiic properties in audio frequency range. The p 
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rcIaxaLion Inrvinq Icirge activation energy, is associated with 
a clinji'-jc of, dipole orientation due to segmental rotation of 
tlie main chain. Besides these processes of polarisation, space 
charge polarisation due to injection of charge carriers from 
electrodes is also responsible for observed polarisation in 
PVP foils. 

7 . 2 CONCLUDING REMARKS 

The various results obtained in the present 
investigation have been discussed in detail in the light of 
the available literature, at ajjpiofn late ncctiono. Tiie results 
have indicated that dipolar relaxations, interfacial 
polarisations and space charge effects are jointly operative 
in the present case of polyvinyl pyrrolidone foil electrets. 
The space charges may be injected homo space charges and 
hetero space charges. Further, ohmic conduction also plays a 
promiment role. The charges are mainly injected into the bulk 
of the specimen. 

On the basis of our results of various investigations 
brought about in electrical and dielectric phenomena in 
polyvinyl pyrrolidone foil electrets, following conclusions 

may be drawn . 

(i) Every polymer has a transitional temperature 
range. Near a transition temperature, appearance 

of peak in TSDC, dielectric loss maxima, change in 
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'■..ipacity, increase of current all are due to a 
certain region of temperature transition where the 
ciianges are mobile in a material. 

! i i : Activation energy (trap depth) calculated from 
different studies comes out to be nearly the same. 

As poly vinyl pyrrolidone is most versatile 
polymer having numerous applications, as mentioned in Chapter 

<af' ■ ' , 

I , it would be highly useful to extend these studies 
further. The study of the behaviour of the Corona, mono 
energetic electron beam and ion implanted polymer should 
appear to be a rewarding direction of further work. Thermally 
stimulated discharge current should be made by further 
observing doping effects, various heating effects and ageing 
effects. Recently, pulsed electro-acoustic (PEA) and laser 
induced pressure pulse (LIPP) techniques have been used [7,8] 
to measure the internal space charge and its actual 
distribution in the bulk of the polymer. The shape of the 
charge distribution obtained by these methods gives a clear 
indication about the polarity of charge carriers injected, 
actual location of accumulated charge with respect to the 
interface and transport of the injected charge into the bulk. 
Such techniques should be employed to get a better and more 
detailed infox'mation about charge accumulation. 

However, the various results of the present 

investigations can be considered to be of considerable 

■23,9i , 
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icchiiical importance to the synthetic chemist, 

, molecular spectroscopist and polymer material 
sc t rut. iut:s . The work will capatalize on the potential of 
polyvinyl pyr t o.l i done as active electrical elements and has 
enabled us the better understandings of the basic phenomena, 
involved in charge storage capabilities of poly vinyl 
pyrioiidone foil electrets. 
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